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PREFACE 


The publication of this book very nearly coincides with the fiftieth 
anniversary of the discovery of x-rays and with the hundredth anni- 
versary of the birth of their discoverer, W. C. Rontgen. The knowledge 
that has been accumulated about these rays, and the ways in which they 
have been applied for the benefit of mankind during the past fifty years, 
comprise the broad subject which we have tried to present to the reader 
within the confines of a volume of ordinary size. 

Special effort has been made to index the book so completely that it 
w ill serve the needs of the person desiring a ready reference giving quick 
answers to specific questions about x-rays. Extensive bibliographical 
footnotes have been included so that this type of reader will usually 
find key references serving as a starting point for more extensive reading 
in the scientific literature. The tables in the Appendix should prove 


helpful to all types of reader. 

On the other hand, a serious endeavor has been made to arrange the 
material in a logical seciuence and to make it sufficiently readable so that 
the student interested in x-rays an<l their applications will find the book 
convenient as a text. Th(j student with little or no previous training in 
l)hysi(!!s or mathematics will find the treatment of some of the quantitative 
aspects difficult in places, but an effort has been made to interpret 
such mathematical passages in words so that their chief significance is 
r(‘-adily grasped. If one skips over a portion that seems too involved or 
uninteresting, it should not be difficult to resume the thread of the story 
farther on. Before reading beyond Chap. 13, it would he definitely 
advisable for one una(xiuainted with trigonometry to consult a trigo- 
nometry book to be<^ome acxpiainted with the concept of the sine of an 
angle. Tlu^ (piestions at the end of each chapter should help the student 
to (du^ck the thoroughness of Ids reading as he pro<^eeds. 

The imdusion of only a single chapter on medical applications, as 
(a)ntrasted to the numerous cliapters on diffraidlon, is not to be construed 
as an indication of the relative importance of the two fields. This 
circumstam^c arises from the fa(it tliat x-ray diffraction theory has been 
extensively developed in a quantitative manner. It is inseparably inter- 
woven through the modern theories of solids and crystallography. On 
the other hand, x-ray te<!hni{pics have infiltrated into medical science 
in a somewhat supplementary way not involving such extensive mathe- 


matical treatment. 


V 
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PREFACE 


It is a pleasant obligation to acknowledge that this book could never 
have been written at all without the aid of the vast literature on x-rays 
already existing. Among the books from which figures, tables, and infor- 
mation have been borrowed, special mention is due to the following: 
W. H. Bragg and W. L. Bragg, ‘‘The Crystalline State,” George Bell & 
Sons, Ltd., and the Macmillan Company; A. H. Compton and S. K. 
Allison, “X-rays in Theory and Practice,” D. Van Nostrand Company, 
Inc.; M. J. Buerger, “X-ray Crystallography,” John Wiley & Sons, Inc.; 
G. W. Files, “Medical Radiographic Technic,” Charles C. Thomas, Pub- 
lisher; C. D. Hodgman, “Handbook of Chemistry and Physics,” Chemical 
Rubber Publishing "Co. ; L. G. H. Sarsfield, “Electrical Engineering in 
Radiology,” Chapman & Hall, Ltd.; M. Siegbahn, “X-ray Spectroscopy,” 
Oxford University Press; G. P. Thomson and W. Cochrane, “Theory and 
Practice of Electron Diffraction,” the Macmillan Company; R. W. G. 
Wyckoff, “Structure of Crystals,” Reinhold Publishing Corporation; 
also, such McGraw-Hill books as G. L. Clark, “Applied X-rays”; W. P. 
Davey, “A Study of Crystal Structure and Its Applications”; and 
F. K. Richtmyer and E. H. Kennard, “Introduction to Modern Physics.” 

Equally important are the numerous figures, tables, and information 
secured from a large number of periodicals. Of these, most are acknowl- 
edged in legends and footnotes. 

Special mention is also due to General Motors Corporation for per- 
mission to publish numerous radiographs, diffraction patterns, and other 
material, and for excellent library facilities and other kind cooperation. 
The photographs and diagrams of x-ray equipment have been generously 
furnished by the General Electric X-ray Corporation, Machlett Labora- 
tories, Inc., North American Philips Co., Inc., Picker X-ray (^orp., 
Victoreen Instrument Co., and Westinghouse Electric & Mfg. Co., X-ray 
Division. 

Much of the material for the final chapter on electron diffraction was 
taken from the work of Dr. W. W. Beeman, carried out while he worked 
with the author at General Motors. Thanks are also due to Prof. J. T. 
Norton of Massachusetts Institute of Technology and to Dr. E. J. Martin 
and A. E. Roach of General Motors for reviewing the manuscript and for* 
helpful suggestions. Finally, the assistance and encouragement of my 
wife, Ethel, have greatly lightened the task. 

Wayne T. SeuouLL. 

Detroit, Mich., 

January, 1946. 




CHAPTER 1 
HISTORY OF X-RAYS 


About 1890 the basic outline of the science of physics appeared to be 
practically complete. That is, it appeared that the general extent of 
the final structure was fairly well delineated by the portion already 
erected. Newton's laws of motion and gravitation, the concept of 
conservation of energy, the inverse square laws of magnetism and 
electrostatics, the kinetic theory of gases. Maxwell’s equations, and 
Faraday’s laws fully accounted for everything from the motion of the 
planets and the operation of an engine to the Brownian movement. 
The design of a telephone system, a bridge, or an electric power station 
was based on the same known fundamentals. 


This physics of 1890 is now kno-wn as “classical physics.” In 1890 
it accounted for practically all known natural phenomena except a few 
obscure academic curiosities like the photoelectric effect and the spectral 
distribution of black-body radiation. 

This happy picture of a science so complete that only minor details 
rcmuiimul to be filled in did not long endure, however. The photo- 
electric^ effect was discovered in 1887. In rapid succession there followed 
tlie discjovery of x-rays in 1895, radioactivity in 189(5, and the electron 
in 1897. I’o cap the climax, in 1900 Planck succeeded in accounting 
for the spectral distribution of black-body radiation by assuming that 
the radiation consisted of integral indivisible “quanta” rather than 
continuous electromagnetic waves. 

All these new developments were disconcerting. They not only 
failed to fit into the classi(!al picture but often forced one to conclusions 
(M)ntradi(ff.ory to it. Thus the discovery of x-rays is to be regarded as 
not iiKU-ely another scientific; discovery but cme of a small group that 
initiated a new scientific era. 


Late in 1895 some experiments on the properties of ciathode rays were 
bcung conducted at the University of Wurzburg in Germany by Wilhelm 
Conrad Rcintgen, professor of physics. Many other scientists such as 
Hittorf, Crookes, and Tjcnard had been studying the properties of 
cathode rays for several years, but Rontgen noticed an effect that had 
escaped all the others. Since he was studying the fluorescence caused 
by the cathode rays, he was working in a dark room, and he was led to 
cover the cathode-ray tube with a black cardboard box, which of course 
prevented any visible light or ultraviolet radiation from escaping. In 

1 
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spite of this, however, Rontgen observed that a screen coated 
barium platinocyanide glowed brilliantly when brought near the co^ 
tube. He made this epochal discovery on Nov. 8, 1895. ^ 

Investigating this phenomenon, he soon concluded that it 
caused by the generation of some hitherto unknown type of radi: 
from the cathode-ray tube, the new rays being invisible but ab 



Fio. 1-1. — W. C. Hontgen. (Mar. 27, 1845— Feb. 10, 1923.) 

cause visible fluorescence in certain materials such as barium pi; 
cyanide. In his first published paper^ describing the new rays, 
he called x-rays, he mentioned that they would penetrate a thou 
page book, a sheet of aluminum 3^ millimeters thick, and leaf 
He also mentioned that when he held his hand in front of the { 
coated with barium platinocyanide the outlines of the bones in his 
could be seen on the screen. He stated that the rays acted u 
photographic plate and suggested that this opened the possibil 

1 See Otto Glasser, “ Wilhelm Conrad Rontgen and the Early History 
Roentgen Rays,” Charles C. Thomas, Publisher,- Springfield, 111., 1934. 

* W. C. Rontgen, Ann. Physik, 64, 1 (1898), reprinted from an earlier publ 
in 1895. 
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taking pictures in a light room by enclosing the photographic plate in a 
lighttight holder, or “cassette,” as he called it. 

Many others immediately began experiments with these strange, 
new, penetrating rays, but it was not until 1912 that any really sig- 
nificant advance was made in the scientific understanding of their 
fundamental nature. Between 1895 and 1912 medical men learned to 
use x-rays as a powerful new tool in diagnosis. Almost immediately 
they were used as a means of photographing the bones of living people 
and animals, for detecting and setting fractures, and for detecting and 
locating foreign objects such as bullets and swallowed pins. This use 
of x-rays is known as radiography. The terms “radiography” and 
“radiograph” are analogous to the terms “photography” and “photo- 
graph,” except that x-rays or gamma rays (to be discussed later) play 
the role played by light in photography. As the technique was improved, 
medical men eventually learned to recognize such phenomena as tubercular 
lesions, etc., in a radiographic picture. 

During this period many of the pioneer experimenters suffered 
severe x-ray burns, which were found to be incurable in many cases ; often 
fingers, hands, and arms were lost. Eventually, physicians learned to 
make use of this ability of the x-rays to kill living tissues by directing 
the rays at tumoi's and other diseased regions that they desired to 
destroy. It was found that such diseased tissues could be killed by a 
smaller dose of x-rays than that required to kill normal healthy tissue. 
Thus tlie techni(j[ue of x-ray therapy was gradually developed, in which 
the basic idea is to apply a lethal dose of x-rays to diseased regions 
without exceeding the tolerance limit of the adjacent healthy tissue. 

From the scientific point of view, however, the first milestone in the 
history of x-rays was their discovery by Rontgen in 1895. The next 
was the discovery of x-i-ay diffraction by c.rystals by M. Laue, W. Fried- 
rich, and P. Knipping^ in 1912. 

hlarlier experirnentei-s had often tried to produce interference and 
diffraction effects with x-rays l)ut had met with only indifferent success. 
However, they were aide to conedude that x-rays <!onsisted of waves 
having a length of the oi-der of 10~" (centimeter. On the other hand, 
crystallographers as eaidy as 1850 had concluded that the atoms in a 
crystal must be arranged in a ge(jmetric space lattice in which the spacing 
between atoms was of the order of lO"*^ cm. Apparently Laue was the 
first to whom these two (considerations suggested the idem that a crystal 
should serve as a diffraction grating for x-rays. Laue, being a theoretical 
physicist, asked Friedrich and Knipping, two experimental physicists, 
to try to observe the diffraction of x-rays by a single crystal. They 

^ M. Laiio, W. Fri(Klrirh, and P. Knippinp;, ytnn. Phyaik, 41, i)71 (1913), reprinted 
from an. earlier publication in 1012. 
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set up suitable apparatus and soon discovered that diffraction patterns 
of the type predicted by Laue wei‘e indeed produced by crystals of coppei 
sulfate (blue vitriol), zinc blende, rock salt, and galena. 

This discovery immediately provided a powerful new method foi 
investigating the nature of x-rays by diffracting them Avith crystals 
and, perhaps even more important, for investigating the nature of solids 
(most of which are composed of crystals) by using them to diffraci 
x-rays. New possibilities and applications of this method are still 
being discovered and invented, and the work already done in this field 
is so extensive as to constitute a whole new branch of physics entirelj; 
unknown 30 years ago. Although hundreds of workers have made theii 
names well known in the field of x-ray diffraction, there are two whose 
work is so extensive and important as to deserve special mention — 
W. H. Bragg and W. L. Bragg. 

The next milestone in the history of x-rays was the invention of the 
Coolidge tube by W. D. Coolidge.^ From 1895 to 1913, all x-ray tube? 
were of the so-called “gas-filled” type. These were suitable for certain 
types of work at less than 50,000 volts and are still widely used today in 
diffraction work, but they were very awkward for radiographic work 
and impractical for the higher voltages such as 100 or 200 kilovolts now 
used for many common types of radiographic work. Except for a few 
special types of tubes for diffraction work, all modern x-ray tubes are o1 
the Coolidge type. These tubes are exhausted to the best vacuum 
obtainable and the cathode consists of an incandescent tungsten filament, 

Another milestone in the history of x-rays was also established ir 
1913 by H. G. J. Moseley,^ who discovered that a portion of the x-rays 
radiated from the target of an x-ray tube has a wave length character- 
istic of and dependent upon the atomic number of the target material, 
Thus the elements chromium, manganese, iron, cobalt, nickel, copper 
and zinc, having atomic numbers 24, 25, 26, 27, 28, 29, and 30, respec- 
tively, strongly emit x-rays having the following wave lengths, respec- 
tively, when they are bombarded with cathode rays: 2.3, 2.1, 1.9, 1.8 
1.7, 1.5, and 1.4 angstrom. This discovery led to the establishment of 2 
satisfactory theory of the origin of characteristic x-ray spectra and alsc 
helped theoretical physicists such as Bohr and Rutherford to arrive at s 
fundamentally correct theory of the structure of the atom. The impor- 
tant and extensive research of A. H. Compton also deserves special 
mention. 

During the 30 years that have elapsed since Moseley’s discovery 
there have been remarkable developments in the application of x-rayg 
to many important new types of work. At the same time, techniques 

^ W. D. Coolidge, Phys. Rev., 2, 409 (1913). 

® H. G. J. Moseley, Phil. Mag. 26, 1024 (1913), 27, 703 (1914). 
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have been vastly improved in many of the older fields. For example, 
today steel parts 6 inches thick and weighing many tons are radiogi-aphed 
for defects in a routine manner with million-volt equipment as quickly 
and as easily as Rdntgen radiographed his own hand 50 years ago. 

Quite recently, however, a new invention has appeared that appears 
likely to rank with the Coolidge tube as another important milestone 
in the history of x-rays. This is the electron induction accelerator 
invented and developed by D. W. Kerst,* which has already generated 
x-rays of great intensity with an. energy of 100 million volts. This 
device has also been called a “betatron” and a “rheotron,” and the 
theory of its operation has been worked out by Kerst and Serber.* 

QUESTIONS 

1. What is meant by classical physics? 

2. Can x-rays be seen directly? Are they dangerous or harmful without proper 
protection? 

3. Distinguish between radiography, x-ray diffraction, and x-ray therapy. 

4. What are the two features that distinguish a Coolidge tube from gas-filled 
x-ray tubes? 

6. What is a cassette? 

' D, W. Kerst, Phys. R&)., 60, 47 (1941); Rai. Sci. InslmnmLi, 13, 387 (1942). 

* D. W. Kerst and R. Serber, Phya. Rev., 60, 53 (1941). 



CHAPTER 2 

FUNDAMENTALS OF X-RAY TUBES 


1. Generation of X-rays. Let us visualize a machine gun 
bullets in rapid succession against the face of a large, heavy bl< 
iron. A person standing near the spot where the bullets strike the 
would be able to hear a plinking noise, indicating that sound-wave 
are generated by the bullets striking the block. 

The generation of x-rays is very similar to this except that ele 
are substituted for the bullets, the x-rays being analogous to the £ 

2. Cathode Rays. Electrons moving rapidly in a stream like ma 
gun bullets are called ''cathode rays.” Of course, the electroi 
incomparably lighter than bullets, and their motion is very much s’ 

Obviously, it would be impossible to produce a satisfactory strt 
machine-gun bullets by firing the gun down a long hall filled £ 
to the ceiling with baseballs. In a similar way, if one wishes to pi 
cathode rays, he would naturally choose a vacuum in which to 
rather than the open air, because the molecules in ordinary air ob 
the passage of electrons much as a hall full of baseballs obstruc 

passage of bullets. 

3. Gas-filled X-ray Tubes. I 
consider how one obtains the elec 
Before 1913, all x-ray tubes were of i 
called "gas- filled” type. Gas-filled 
are still used today for some ty; 
diffraction work. The cjathode ra 
produced in a gas-filled tube somew 
follows: 

Figure 2-1 is a diagram of one of the early gas-filled x-ray tub* 
block of aluminum C, having a concave surface S, is located near o: 
of the partly evacuated glass tube, and a block of metal A is I 
near the center of the tube. These two pieces of metal are con; 
to a high-voltage electrical supply, and hence they are called "electi’ 

The concave aluminum electrode is negatively charged and he 
called the "cathode.” The block of metal in the center is call 
anticathode, or target from our machine-gun analogy. These earl> 
were constructed with a third electrode E off to one side, which wj 
positively charged (being directly connected to the anticathode) ar 
called the ' ' anode . ’ ’ 



Pia. 2-1. — Diagram of early gas- 
filled x-ray tube. 
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The tube is evacuated to a pressure of about 10““* millimeter of 
mercury. Ordinary atmospheric pressure is about 760 mm. of mercury, 
so 10“^ mm. of mercury is about 10“^ atmosphere. Under these con- 
ditions, each cubic centimeter of space inside the tube still contains about 
3^ trillion molecules, but even so the mean free path is about 50 centi- 
meters, which means that a molecule of nitrogen or oxygen in the tube 
can travel more than a foot in a sti*aight line, on the average, before it 
will collide with another molecule. 


Owing to such causes as the presence of minute radioactive impurities 
and cosmic rays, there are always a few stray electrons present here and 
there in the tube. When a high voltage is applied, so as to make the 
cathode negative and the anode and anticathode positive, these electrons 
Avill be attracted to the latter and repelled by the former and hence will 
rush at high speed through the gas present, toward the anticathode. 
In so doing, a few of them will collide with some of the atoms of oxygen 
or nitrogen of which the air molecules are composed, and in many cases 
the collisions will be sufficiently violent to wrench an electron loose 
from the atom. (Atoms consist of a swarm of electrons electrically 
attached to a central positively chai*ged nucleus.) The atoms thus 
bereft of one of their usual complement of elecitrons are called ions, 
and they carry a net positive charge. Foj* example, a normal neutral 
nitrogen atom consists of a swarm of 7 ele(;trons (each negatively charged) 
surrounding a central nucleus having a ])ositive charge of 7 units just 
sufficient to neutralize the 7 negative electronic charges. When one 
of the 7 electrons is wrenched loose from the atom, the ion that is left 
consists of the nucleus with a chai-ge of -1-7 and the 6 remaining electrons 
with a charge of —6, leaving a net charge of H-J for the ion. 

Thus electrons rushing through the air at high sp<hh 1 produce more 
electrons by ejecting them from the atoms composing the air, and at the 
same time positive ions are x)roduced. The electrons ejected from the 
atoms add to those initially present, and these, in turn, rush through 
the gas and produce by c<jllision still more electrons and more ions. 
Thus the process is cumulative, and soon an enormous number of elec- 
trons is rushing toward the anticathode and a huge swarm of ions is 
rushing at a slower, yet very gi'eat speed towai'd the catliode. 

In this manner, an elec.tric discharge (similar to the one seen in the 
familiar neon signs) stai-ts, and the large numljer of ele<!trons streaming 
through the gas away from the (;athode toward the anti(!athode consti- 
tutes the cathode rays nee<led to generate the x-i-ays when they strike 
the target, whicli is the general name given to the anticathode or anode 
or other metallic objec^t (depending upon the construction of the tube) 
that most of the <*at.hode i-ays strike. The positive ions likewise strike 
the cathode with great enei-gy, where they pick up an electron and so 
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become neutral atoms again. This positive-ion bombardnaent of tt 
cathode causes it to emit additional electrons, which also contribul 
to the electron stream constituting the cathode rays. The conca\ 
shape of the cathode distributes the high-voltage electrostatic field so t 
to focus the cathode rays upon a limited focal spot” on the target. 

Although the general operation of a gas-filled x-ray tube has bee 
described here in only a brief qualitative way, enough has been said t 
indicate that the phenomena involved are of considerable cono,plGxit;j 
although the fundamental idea is merely to hurl electrons at high spec 
against a block of metal. 

4. Practical Operation of Gas-filled X-ray Tubes. The elect ror 
rushing through tfie tube away from the cathode and the positive ior 
rushing toward the cathode constitute an electric current passing thi'oug 
the tube, commonly called the ^Hube current.” The magnitncie of. th 
current and the voltage between the electrodes is largely detei'inine 
by the gas pressure in the tube. If the pressure is as great as lO""® mn 
of mercury, so that the mean free path is only 5 cm., it will be fouii 
that a current of perhaps 50 or 100 milliamperes will flow through tl 
tube when a potential difference as low as perhaps only two or thrt 
thousand volts is applied. It will be found impossible to build u[) 
potential difference of, say, 20 kilovolts across the tube because tl 
cumulative nature of the ionization process discussed in Sec, 3 causes 
very great increase in the current when only a slight increase is mar: 
in the applied voltage. 

If the pressure in the tube is as low as 10~® mm. of mercury, on tl 
other hand, it will be found that a current of only a few microjLiiiiJen 
can be forced through the tube, regardless of whether the apiolied j^otei 
tial is 5 kv. or 50 kv. This is due to the fact that the mean f rcH’s pat 
of the ions and electrons^ in the gas is now about 5 meters so t.hii,t vei 
few of the electrons or ions strike any gas atoms in passing from or 
electrode to the other, and so there is no cumulative ionization prcx^ess, 

Between these two extremes, there is a limited critical I'aiigC! < 
pressure around 10“^ mm. of mercury, in which the potentiitl cii*op an 
tube current can both be maintained at suitable values to prodiu 
x-rays of desirable intensity and penetration. Regulation of thc^ higl 
voltage supply and the pressure of the gas in the tube will tlion perm 
one to maintain any tube current desired in the range of, say, 3 to 30 m; 
and 5 to 50 kv. 

If the tube is connected to a high-vacuum pumping systeoi that 
capable of exhausting it to a pressure of 10~® mm. of mercury, it will I 
found that a properly designed leak valve connected so as to permit a 

^ The mean free path of electrons is probably five or six times that of iriolociilos 
the gas. 
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to leak in at a very slow but accurately adjustable rate will afford accurate 
and rapid control over the tube cuiTent and voltage. 

medical work, however, it is impractical to have the tube rigidly 
connected by a glass or metal tube to a vacuum 


system; prior to 1913, therefore, the gas-filled 
tubes used in such work were exhausted to the 
desired pressure and then sealed off so as to be 
portable. The pressure in these tubes decreased 
slowly as they were used, with a current of per- 
haps 5 ma. passing through the tube, probably 
because of adsorption of the gas by the glass and 
metal surfaces of the tube. Consequently the 
tube potential increased as the tube was used, 
causing a change in the character of the x-rays 
generated; if not corrected, the pressure would 
soon drop to a value making further operation 
impossible. Various devices were incorporated 
in these early tubes to permit the operator to 
restore the gas pressure to a suitable value. In 
some types, a discharge was passed through a 
“gasifier” (such as asbestos, mica, or glass wool) 
in a small side tube R (Fig. 2-1). Some of these 
early x-i-ay tubes operatetl with hydrogen in them 
instead of air l)e(5ause this reduced the sputtering 
of the metal parts, and in these the pressure was 
regulated by means of palladium tubes, wliich 
(;ould be heated to let a little hydr-ogen difTuse in. 
These disadvantages in a sealed-off gas tube are 
overcome by the Coolidge type of tube, now used 
for most purposes. 

Gas tub<}s are still used for diffraction work to 



a consitierable extent, and therefore the practical 
details of their operation are of some interest. 


2-2. — Self-rectify- 
ing water-cooled gas-type 
x-ray tube for diffraction 


These modern gas tubes are used permanently 
(connected to a vacuum system, however, and 
e(iuipped with a leak valve. 

It is clear that ordinary gas-filled tubes must 
l)(^ supplied with high voltage of the correct 
polarity, d'hat is, the cathode must be negative 


work. C, cathode; T, tar- 
get; P, ports for x-rays; 
W , water pa«aagoH; //, 
screw holes for attach- 
ing diffraction cameras, 
( W yckoff and Lagsdin; cour- 
tesy of American Institute 
of Physics,) 


and the anode positive. The use of an alternating electric voltage can- 
not oi-dinarily bc^ tolerabid because electrons would bombard the cathode 


instead of the anode when the polarity is opposite to that intended by 
the tube designer. However, in recent years, those using gas-filled 
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tubes in diffraction work have discovered that they can be so designt 
that they may be directly connected to a high-voltage electrical supi 
of alternating polarity, such as a transformer. Gas-filled tubes of su 
modem design (Fig. 2-2) will rectify their own current, like a Coolie 

tube. Ordinary gas tubes will i 
and therefore must be operated fr< 
an electrical supply having a rectil 
or other provision for supply] 
direct current. 

6. The Coolidge X-ray Tul 

Reference to the Coolidge tube 1 
already been made in Chap. 1.*^ 1 

great maj ority of the x-ray tul 
used today are of this type. 1 
tube is evacuated to the best vacu" 
attainable. Before it is sealed 
from the pumps, it is operated un' 
full power for several hours to dr 
the gas out of the portions wh 
get hot, so that, when it is sealed off, subsequent operation will not ca 
any appreciable amount of gas to be released inside the tube. 

The cathode of this tube is not a block of aluminum, as in the 
tube, but consists instead of a spiral tungsten wire filament, insid 
small metal cup. The filament can be heated to incandescence 
passing an electric current through it, just like the filament of an ordin 
incandescent lamp. The surrounding metal cup causes the eled 
static field between the anode and cathode, set up by the high volt 
applied to the tube, to distribute itself in such a way that electr 
emitted from the hot filament inside the cup will be focused int 
narrow beam of cathode rays, which will strike the anode within a sm 
definite spot on its surface (called the “focal spot”)- With no focus 
cup, the electrons would diverge from the filament. A Coolidge t 
ordinarily has only two electrodes, cathode and anode, the anode ser\ 
as target. 

In the Coolidge tube, the electrons needed to provide the cath 
rays are emitted from the surface of the hot tungsten filament. H 
will be explained in greater detail in the next section. 

6. Free Electrons and Thermionic Emission. A normal timgt 
atom consists of a central massive nucleus carrying a positive chj 
exactly sufficient to neutralize the negative charges of the surrounc 
swarm of 74 electrons. In a tungsten wire, the tungsten atoms w] 

R. W. G. Wyckoff and J. B. Lagsdin, Rev. Set. Instruments, 7, 35 (1936). 

2 W. D. Coolidge, Phys. Rev., 2, 409 (1913). 
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compose it are fixed in a rigid framework in such a way that each one 
may vibrate with a small amplitude to and fro in any direction about 
its fixed central equilibrium position in the framework to which it is 
figuratively “ attached by the electrical forces of interaction with its 
neighboring atoms. However, each atom keeps to itself only 73 of its 
electrons^ instead of the 74 present in a neutral atom. The seventy- 
fourth electron of each atom is not constrained to remain attached to its 


parent atom like the other 73 but instead goes wandering off freely 
through the space between atoms. Since this is true of all the atoms, 
there are as many free electrons as there are atoms, and these swarm 
about inside the metal much as the molecules of a gas swarm about, as 
visualized in the kinetic theory of gases. 

This internal “gas'’ of free electrons is what distinguishes a metal, 
like copper, from a nonmetal, like sulfur. When an electric current is 
sent through a wire, these free electrons slowly migrate through the 
framework of atoms composing the wire. In fact, it is this slow migra- 
tion of the electrons which is the current in the wire. As an example, if 
6 amperes from a battery is passed through a piece of No. 17 copper wire, 
the free electrons in the wire are migrating along it at a rate of somewhat 
over a centimeter per minute, or let us say an inch every two minutes. 

One may visualize the enormous number of collisions these electrons 
will make with each other and with the atoms composing the wire as 
they drift through 1 in. of it under the urging influence of the electric 
Xjotential difference supplied by the battery. The energy supplied by the 
battery in driving the electrons through the wire is used to increase the 
average velocity of their rapid random thermal motion (which is much 
faster than that of a rifle bullet), just as the molecules of air in a room 
speed up when the temperature rises. Part of this is handed on to the 
atoms by elastic collisions, causing the atoms to vibrate more and more 
violently about their fixed equilibrium positions in the wire; in other 
words, the wire gets hot. 

If enough energy is supplied, the random thermal motion of the free 
electrons becomes great enough, as the wire heats up, so that a small 
fraction of them acquire sufficient energy to fly completely out of the 
metal, by overcoming the restraining electric potential, which ordinarily 
liolds the free electrons within the metal. One may see, in a qualitative 
way, that the free electrons, as a whole, must be firmly bound to the 
positive ions among which they circulate, and the kinetic energy which 
is required to enable an electron to escape against this restraining influ- 


ence is called the “thermionic work function,” 


or sometimes the 


a 


heat 


^ '’I'his ligiiro i.s not to bo taken too literally. The number of free cloctrons is cer- 
tainly of tlui .same order of magnitude as the number of atoms, however. For further 
details, see U. Dehlinger, Z. Elaklrochem., 38 , 150 (1932). 
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of evaporation of electrons/’ in analogy with the evaporation of watei 
for example. Thus the electrons “evaporate” from a hot metal muc 
as water evaporates from a wet cloth in the sunshine. 

The theory of this process, which is called “thermionic emission, 
was first worked out by O. W. Richardson/ who derived the equation 

_h 

I = AT^e I" (2-1 


from theoretical considerations. At present, it is generally concede 
that the correct equation is more probably 

_h 

I ATH ^ (2-2 

which was later derived by Dushman.^ Actually, the clloice betwee 

b 

the two equations is of theoretical interest only; for e ^ is such a powei 
ful factor that it overwhelms the T* or factor, and consequently th 
experimental data fit either equation equally well. In these equations, 


. Airmek^ „ 

A = — — S 


(2-3 


where S is the area of the emitting surface, m and e are the mass an 
charge of an electron {e in (2-1) and (2-2) is of course Napierian log base 
k is Boltzmann’s constant,® h is Planck’s constant,® T is the absolut: 
temperature, and 


k 


{2-4 


where Ew is the thermionic net work function, or “latent heat of evaporji 
tion of the electrons” (in ergs per electron). 

The operator of a Coolidge tube soon learns that no appreciabl 
emission of electrons from the filament occurs until it is hot enough t 
glow brightly. Once the temperatui-e is reached at which a measurabl 
current passes between the electrodes, a very slight increase in th 
filament heating current causes a very great increase in the high- v(j 1 tag 
“tube” current carried by the emitted electrons. This rapid variatio 

b 


is represented by the e term in equation (2-2). 

The tube current and voltage in the Coolidge tube are thus regulate 
by means of the filament heating current, much as these factors ai 
controlled in a gas tube by means of a leak valve. Enough has bee 


^ O. W. Richardson, Phil. Mag., 28, 633 (1914). 

*S. Dushman, Phys. Rev., 21, 623 (1923); see also L. A. DuBridge, Am. J. Phy 
{Am. Phys. Teacher), 7, 357 (1939). 

® See Appendix I. 
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said to make it obvious that a Coolidge tube should act as a rectifier 
also, for no electrons will be emitted from the anode unless it should 
become very hot. The anode, however, often does become hot, as is to 
be seen shortly. Nevertheless, Coolidge tubes in many cases are oper- 
ated directly from a high-voltage transformer and are depended upon to 
rectify their own current. 

7. Fundamentals of X-ray Tube Construction. A few more details 
remain to be added to complete the rudimentary idea of the construction 





Kig, 2-4. — Coolidge x-ray tube, ** universal” type. {Courtesy of General Electric X^ray 

CoT'poratio n . ) 

and operation of an x-ray tube. Since a vacuum is retpiircd within the 
tube, its walls must be gastight. The walls of the tube must likewise 
serve as mechanical suppoi't for the ele(;trodes; and sincic a high voltage 
is applied between the clecti'odes, the tube walls must serve as a good 
high-volt.age insulator. Hence glass is very commonly chosen as the 
material for the tube envelope. If the tube is to opei-ate at 200,000 
volts, for example, the glass envelope must have a length of the order 




2-5. — To explain gonoration of x-rayn. 


of 2 or 3 ft. to prevent, sparking over the outsi<l(^ This length can be 
r(Hluce:(l by imnun'sing th(‘ tube in transfornuu' oil, which also may serve 
t.o (M)ol t.lie t ube. (\)()ling will b(^ discuss<^d in thc! m^xt secition. 

It has IxHui (nnplia, sized that the x-rays ai’o generated at the spot 
wIkmx^ the (uitluxh^ rays striker t.he target, rmic.li as sound would radiate 
from a spot on a, wall Ixang hit by machiiui-gun bullets. If it is desired 
to throw most of 1h(‘ radiation off to ont^ side of the stream of bullets 
(or cathode rays), the bullets, or rays, might be direeded against the wall 
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or target at a 45-degree angle as indicated in Fig. 2-5B. Likewise, th' 
targets of many x-ray tubes are cut off at an angle when it is desired 
distribute the radiation predominantly on one side of the tube. Se 
Figs. 2-1 to 2-4, for example. 

On the other hand, tubes used in diffraction work, to be discusse< 
later, commonly are provided with anodes in which the face bombarde< 
by the cathode rays is perpendicular to them, as in Fig. 2-5A. Conse 
quently, the x-rays are radiated as strongly out one side of the tube as th 
other. This permits one to surround the tube with several “cameras, 
each of which will receive an equal amount of radiation, as is desired. 

8. Heat Dissipation. The energy represented by the cathode-ra; 
beam that strikes the tube target is ordinarily sufficient to generate ver 
considerable heat at the focal spot where it strikes. This heat is genei 
ated because, unfortunately, only a small fraction of the cathode-ra 
energy is converted into x-rays. The generation of x-rays at the foci 
spot is a very inefficient process in which most of the cathode-ray energ 
is merely wasted in heating the target. 

An equation for the efficiency of an x-ray tube was formulated b 
Beatty^ in 1913; recent investigations by Kirkpatrick and others indicat 
that it is essentially correct. It is 


Efficiency = 


x-ray energy 
cathode-ray energy 


1.4 X V 


( 2-1 


where Z is the atomic number of the metal composing the target an 
V is the electric potential drop applied to the tube, in volts. For 
tube with a tungsten (Z = 74) target operating at 100 kv, this gives m 
efficiency of 1 per cent. Hence in this case, which is quite typical, ( 
per cent of the electrical power supplied to the x-ray tube is dissipate 
in the form of heat generated at the focal spot of the target. 

If the anode of this tube is a block of tungsten weighing t pour 
and if the tube is being operated so that a current of 5 ma. passes throuj; 
it in the form of cathode rays, it is easy to calculate that the ano( 
will soon get hot. 

Assuming an operating potential diflerence of 100 kv., the pow 
expended is 500 watts, which will heat up the anode at a rate of aboi 
30°C. per second. Unless some way is found to get rid of the heat, tl 
anode will have an average temperature of about 60 X 30, or 1800°< 
after only 1 min. of operation. This means that the anode will 1 
white-hot. 

Many x-ray tubes are built and used that have for their anode 
block of tungsten of about this mass, supported on a long, slendei- r( 

iR. T. Beatty, Proc. Roy. Soc. (London) A, 89, 314 (1913); P. Kirkpatrick a 
Li. Wiedmann, Phys. Rev., 67, 321 (1945); see also W. Rump, Z. Physik, 43, 2 
(1927). 
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in the center of a highly evacuated tube so that there is only negligible 
loss of heat from the anode by convection or conduction. Such a 
tube is shown in Fig. 2-4, this type sometimes being called the “universal 
type. The target does not melt in these tubes (if their rating is not 
exceeded); for the melting point of tungsten is 3370°C., and before it 
reaches that temperature it gets rid of its heat quite rapidly by radiation. 
The well-known Stefan-Boltzmann law of radiation states that heat is 



2-0, — Oil-iinrnersed, shockproof tube. {Courtesy of General Electric X^ray Corporation.) 

radiated at a rate aT^, where o is a constant and T is the absolute temper- 
ature. Hence, when these high temperatures are reached, the anode 
radiates its heat at a rate which rapidly increases until it equals the 
I’ate at which it is being supplied. Nevertheless, x-ray tubes constructed 
in this manner cannot be continuously operated at inputs much above 
1,000 watts (for example, 10 ma. at 100 kv. or 5 ma. at 200 kv.) with- 
out danger of melting the anode or parts of it. Such tubes will not 
rectify an a.c. supply when the anode attains the temperature at which 
thermionic emission becomes appreciable; if this is attempted, electrons 
bombard the delicate cathode filament, quickly destroying it. 

In many cases the tubes are so const i-ucted that water or oil can be 
circulated in the interior of the anode, which is hollow, so as to cool it. 
In others, the anode is mounted on a metal rod designed to conduct the 
heat out to a series of metal fins, which lose the heat to the air by con- 
vec:tion (Fig. 2-7). In others, the anode is constructed in the form of a 
circidar metal disk mounted on a central bearing so that it can be rotated 
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rapidly, and the cathode rays are directed so that they strike it at 
small focal spot near the periphery. This does not help to get the hes 
out of the anode, but it does help to distribute the heat throughout th 
anode instead of localizing it all at the small focal spot. By rotatin 



Fig. 2-7. — Dental tube -with fins for air cooling. {Courtesy of General Electric. X-n 

Corporation.) 

the anode, the metal surface at the focal spot is rapidly moved out of tl 
spot and replaced by other cooler metal before it has time to melt, whic 
it would do if it remained in the spot, even for a small fraction of 
second. 

9. Focal-spot Size. When the object is merely to products x-ray 
without any particular need for their being produced at one very smi: 



Fig. 2-8. — Modern rotating anode tube. {Courtesy of Machlett Laboratories.) 

spot, the cathode rays are often poorly focused and permitted to stri! 
the anode over a wide area, which may in some cases be as large as 
penny or a nickel. An example is the case of x-ray tubes intended f 
therapeutic work, killing tumors, etc. 

One of the most common uses for x-rays is for radiography, 
x-rays are passed through an object, such as one’s hand, and allow 
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to fall on a photographic film placed behind it, one can obtain an x-ray 
picture, called a “ shadowgraph, an “exograph,” or a “radiograph” 
of the object, which will reveal internal details of the object, such as the 
bone structure. 

The quality and usefulness of the radiograph depends largely upon 
the size of the source of x-rays, that is, upon the size of the focal spot 
on the target of the x-ray tube. The case is similar to that of visible 
light when one wishes to obtain a clear shadow of some object. The 
source of light should be small if a clear shadow is desired. 

In radiography, and in other types of Avork to be discussed later, 
it is a great advantage to have a source of x-rays that approaches the 
ideal of a “point source.” This can be achieved in a Coolidge tube by 
winding the filament in a perfectly formed conical spiral and setting it 
in perfect alignment at just the correct depth in the focal cup that 
surrounds it. The focal cup must have the proper diameter in relation 
to the cathode-target distance, and all the other factors just mentioned 
must be adjusted so that the electrostatic field set up by the high voltage 
between the anode and cathode (especially near the cathode) will direct 
the cathode rays so that they converge to a small spot on the anode. 

In a gas tube, the circular aluminum cathode rounded at the edges 
and provided with a concave spherical surface of radius of curvature 
about half the (!ath ode-target distance, likewise focuses the cathode 
rays upon a small spot on the target. The (piantitative theory of 
focusing (dectron beams is a subject known as “clecrtron optics.”' 

It is (juite possible to be too successful in achieving a small focal 
spot, however. If the spot has an area as small as 1 mm.^ the concentra- 
tion of, say, one or two kilowatts of power on such a small spot might 
melt the metal there, even though the anode wei-e adeejuately cooled 
by a generous flow of cold water inside it. This would occur simply 
bec^ause the thermal condiictivity of even copper or silver is not great 
enough to carry heat aAvay from such a small spot rapidly enough to 
prevent it from rising to the melting point under such a concentrated 
generation of heat. Consequently, the design of x-ray tubes is usually 
a compromise between a focal spot small enough to bo satisfactoiy as a 
})oint s()ur(;e and large enough to permit operation of the tube at the 
desired power without rapid deterioration or pitting of the target at the 
focal spot. 

''rwo (jommon methods will be described that are used in pracd-ice to 
reduce the f(.)cal-s{)ot size and still keep the power input (and hence 

^ Sc(^, for (^xnnipUi, 10. Briirho and O. Sciherzor, “CSooiiiotrisoho Klekirononoptik," 
.luliiiH iSprin>i;cr, Berlin, 1934; Z. Icch. Physik, 17, .584, (193(>); I. Cl. Maloff and 13. W. 
Epstein, “lOlcetron Opti(\s in 'felo vision,” McClraw-Hill Book COompany, Inc., Now 
York, 1938; E. Gray, Bell System Tech. J. 18, 1 (1939). 
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X-ray intensity) large. In one, the anode is rotated, as already ni< 
tioned. The commercial production of rotating anode tubes 
achieved only after several difficult technical problems had been ov 
come. In some cases, only the rotor of the driving (induction) mo 
is placed inside the tube; in others, the whole motor is inside the gl 
walls. It must be well balanced, and it must rotate the target at h: 
speed (commonly 3,600 revolutions per minute). It must withstg 
the heat from the target when the latter becomes red-hot from catho 
ray bombardment. The problem of lubricating the high-speed beari. 
in a high vacuum was overcome by the use of barium as a lubricant. 



Fig. 2-9. — The principle of line-focus tubes. 


A second common method of reducing the focal-spot size makes 
of a trick in which the apparent size of the spot is reduced wit! 
reducing the actual size. The anode face A (Fig. 2-9) is a flat sur 
that usually is perpendicular to the cathode-ray beam in the cas' 
diffraction tubes or inclined at an angle d of perhaps 20 in radiogra 
tubes. The cathode cup C is oval rather than circular in shape, 
the filament F within it is in the form of a long, narrow, cylind 
coil rather than the usual cone. The axis of the cylinder lies par 
to the length of the oval focusing cup and in the plane of the ang 
The cathode-ray beam then has the form of a ribbon that strikes 
anode and produces a focal spot having a long narrow shape, approac, 
a rectangle, of length MN. This focal spot has the form and size rt 
sented at H when viewed normally; when viewed from a directio 
right angles to the cathode-ray beam in the plane of the “ribb 
it has the shape of a small square as represented at V. Thus the appt 
size of the focal spot is reduced, while the actual area of the anode 
that must absorb the heat is kept sufficiently large to allow a reasor 
tube life. This type of focus is sometimes called a Benson focus 

1 Z. J. Atlee, J. T. Wilson and J. C. Filmer, J. Applied Phys., 11, 611 (1940 
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Goetze focus.^ In most types of work, this apparent reduction in 
focal-spot size is just as satisfactory as though the focal-spot size were 
really reduced. 

10. Other Details. Many other details of x-ray tube construction 
remain to be discussed, such as choice of metal for the target, use of 
Lindemann and beryllium windows, multisection tubes for very high 
voltages, and differences between radiographic tubes, diffraction tubes, 
and therapeutic tubes. These details cannot be discussed intelligently 
until more is learned about the nature of x-rays. They will be therefore 
discussed in Chap. 7 and at appropriate places throughout the book. 

QUESTIONS AND PROBLEMS 

1 . What is an ion? A free electron? In addition to regulation of the high-volt- 
age supply, how are the tube current and tube voltage controlled in (a) a gas tube? 
(5) A Coolidge tube? 

2. If an x-ray tube filament emits 1 ma. at 2000°K., what current will it emit at 
2100®K.? At 2200°K.? (K, stands for “Kelvin’’; the absolute temperature in 
degrees Kelvin is the centigrade temperature plus 273.16“.) Neglect the AT^ factor 

in equation (2-2); consider only the e ^ factor, and assume h = 50,000. 

Aws. ma. at 2100°K.; 10 iria. at 2200T<. 

3 . A typical modern incandescent lamp has an efficiency of about 15 liiincns/watt. 
1 lumen = 0.0015 watt in the form of light. If a typical x-ray tul)C be regarded as 
one having a tungsten target and operating at 100 kv. and 10 ma., and requiring 
20 watts to heat the cathode filament, how do(vs the efficiency of an x-ray tube com- 
pare with that of an incandescent lamp? 

Ans. The x-ray tube is about one-third as efficient as the lamp. 

HJ.S. patent 1,174,044 (1916). Optical workers familiar with Lambert’s cosine 
hiw of optics will be interested in knowing tluit x-rays do not obey this law. The 
x-ray inbiiisity in direction MV is nearly as great as in direction Mil (Fig. 2-9). 



CHAPTER 3 


THE CONTINUOUS X-RAY SPECTRUM 

1. The Nattire of X-rays. The previous chapter has made it clea 
that x-rays must be some form of radiation which spreads out from th 
focal spot of the tube. By allowing the rays to pass through a sma 
hole in a lead shield at a distance of 2 ft. from the tube and then stril^ 
a photographic film enclosed in a paper envelope at a distance of 4 f 
from the target, it is easy to show that they travel in straight lines. ' 
will be found that, if the film is now moved to a distance of 8 ft. froi 
the target, it must be exposed four times as long as before to becon 
equally black when developed. Careful measurement shows that tl 
familiar inverse-square law for intensity is accurately obeyed. Ths 
is, the intensity of the rays decreases as they spread out from the targe 
the intensity at any point being inversely proportional to the squa 
of its distance from the focal spot. 

Later, experiments will be described that can scarcely be explainc 
unless one thinks of x-rays as consisting of waves. There are oth 
experiments that are equally difficult to explain unless one thinks 
x-rays as consisting of particles. This dilemma is not restricted 
x-rays, however. It is encountered, for example, in the study of ordina 
light, which likewise has a dual nature. Therefore it is probably l)c 
for one to begin the study of x-rays by first thinking of them as consistii 
of minute bundles or packets of waves. 

These packets are technically known as photons or quanta. T! 
waves are of an electromagnetic nature. That is, they consist of ; 
electric and a magnetic vibration of enormously high frequency tli 
travel in a straight line through space at a speed of 3 X 10'^ (!m./H< 
or 186,000 miles/sec. The electric and magnetic vibrations are alwa 
present together, each being associated with the other and perpendicul 
to the other. The vibrations are transverse, which means that t 
vibrations are perpendicular to the line of travel of the waves. Thuj- 
beam of x-rays traveling straight up consists of packets of waves in whi 
the electric vibrations are horizontal and the magnetic vibrations are a 
horizontal, but at right angles to their associated electric vibrations. 

The foregoing statements, however, apply equally well to ordina 
light or infrared or ultraviolet radiation or radio waves. All th< 
various types of radiation make up what is known as the electromagni 
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spectrum^ and they are all of the same general nature and should be 
regarded as members of the same family. 

The difference between the members of the family is chiefly a matter 
of the frequency of the waves or vibrations or of the energy of the wave 
packets, or photons. Thus, if the waves have a frequency of 3 X 10^® 
vibrations/sec., the packets will each have an energy of about 2 X 10“® 
erg, and a group of them would be called x-rays. On the other hand, if 
the frequency were only one-thousandth as great, 3 X 10^® per second, 
the packets would each have only one-thousandth of the energy, or 

2 X 10“^^ erg, and such photons would make up ultraviolet radiation. 
Again, a frequency of 5 X per second and a quantum energy of 

3 X erg describe the waves or photons composing ordinary visible 

light, the only member of the family that affects the human eye. One 
cannot see x-rays or any of the other types of electromagnetic radiation. 
A frequency of 10^^ per second and a photon energy of 7 X 10“^® erg 
would be typical for infrared radiation and a frequency of 10® cycles/sec. 
corresponding to a photon of 7 X lO"^’^ erg energy is characteristic of a 
radio wave. It will be noticed that the energy given for a radio wave 
packet is 100 million times smaller than for any of the others. This may 
account for the fact that, in the case of radio waves, the wave character- 
istics predominate, and they seldom if ever behave as packets, or photons. 
However, all of the other members of this family have a distinct dual 
nature, behaving in some ways like waves and in others like particles. 

2. X-rays as Waves. The preceding section has emphasized the 
dual nature of electromagnetic radiation in general and x-rays in par- 
ticular. The wavelike characteristics seem to be more obvious. Indeed, 
at the beginning of this (;entury it was universally believed that light 
and other electromagnetic radiation was purely a wave motion, because 
the particlelike phenomena of radiation were so obscure as to have 
escaped notice. 

Let us then first consider the wavelike nature of x-rays. The mathe- 
mati(^al analysis of Fourier has proved that any wave can be compounded 
by adding together simple sine waves of the correct amplitude, phase, and 
fiHHiuenc^y. Conversely, any wave can be mathematically treated as a 
sum of sine waves, or as a “Fourier series.” 

A simple sine wave is represented in Fig. 3-1 as it appears at a given 
instant. Tt is (characterized by a definite wave kmgth, which is the 
distance betwe<m any two adjacent crests, and is commonly represented 
by the letter X, as indicated. This wave train is to be regarded as 
moving toward the right in the figure, with a uniform velocity v. The 
frequency v, of the wave, is the number of crests that pass by a fixed 
position PP in unit time, or in 1 sec., say. It is obvious that in 1 sec. 
the wave will move forward a distance r (bec-ause %) is so defined), and 
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likewise that v wave crests will have passed PP in 1 sec., by definiti 
Hence since the wave length (distance between crests) is X, it follows t 

V = v\ (S 

This is one of the fundamental equations of wave motion, anc 
enables one to compute easily any one of the three terms y, v, or ] 
the other two are known. In Sec. 1 it was stated that x-rays (and 
other electromagnetic waves) travel through space in a straight ] 
at a velocity of 3 X cm. /sec. Since this velocity is so univei 



Fig. 3-1. — A sine wave moving with velocity v past a stationary position PP. 

for all types of electromagnetic radiation, it is one of the fundamei 
physical constants’^ and is commonly represented by the letter c. 

When one is dealing with x-rays, then, one may write v = c. T 
(3-1) becomes 

c = v\ (f 

which is a very useful equation in dealing with any electromagn 
radiation. The latest estimate by Birge^ of the exact value of i 
c = (2.99776 + 0.00004) X 10’° cm./sec., so the error is less than ( 
tenth of 1 per cent when one writes c = 3 X 10’° cm./sec. This enal 
one to compute the wave lengths associated with the various tyx^e,' 
radiation mentioned in the preceding section. 

In Sec. 1 it was stated that electromagnetic radiation havin 
frequency of 3 X 10’® per second represents a typical x-ray. Fi 
equation (3-2) one has X = c/v, so that a typical wave length for x-i 
is 3 X 10’°/3 X 10’® = 10~® cm. Since such short wave lengths as 
are continually encountered in dealing with x-rays, ultraviolet, 
ordinary light, it is convenient to adopt an arbitrary small unit of leii 
in which to express them. The unit that has been adopted is knowi 
the “angstrom” (commonly abbreviated A.), and it is defined as 10“® 
Hence the wave length that has just been computed as typical 
x-rays is 1 A. Actually, x-rays in general have wave lengths var^ 
over the range from 0.02 to 10 A. These limits are not sharp 
definite. Of course, 1 A. is merely a “typical” value and is not tc 
taken as implying narrow limits for the wave lengths of x-rays. 

See Appendix I. 

* R. T. Birge, Rev. Modern Phys., 13, 234 (1941). 
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The electromagnetic spectrum may be roughly divided on the basis 
of wave length, then, somewhat as follows: 

Table 3-1 


X-rays 0.02 to 10 A. 

Ultraviolet 10. to 4,000 A. 

Visible light 4,000. to 7,000 A. 

Infrared 7,000. to 1,000,000 A. (0.1 mm.) 

Radio waves 0.1 nun. to 3 or 4 kilometers 


One may gain a better idea of the spread of these various general 
types of radiation by an analogy with sound waves, which are propagated 
by means of mechanical vibration, usually through the air. In music, 
one note (for example, high C) is said to be one “octave’' above another 
note (for example, middle C) if it has twdce the fi'equency (or half the 
wave length) of the second one. Thus middle C has a frequency of 
256 vibrations/sec., and high C has just twice that frequency, or 512 
vibrations/sec. A standard piano has a range of just over 7 octaves, so 
that its highest note has a frequency more than 2'^, or 128 times that 
of the lowest. On the basis of octaves as in music, then, x-rays spread 
over about 9 octaves, ultraviolet about 9 octaves, infrared 7 or 8 octaves, 
and radio waves about 25 (xdaves. In (mnti’ast to those wide spi'oads, it 
will be noticed that visibh^ light has a spread of slightly less than 1 
octave. 


The evidence upon which the idea is founded that x-rays have the 
(diai‘a(deristi(\s of waves is the same as the evidence indiciiting that the 
other types of ele(‘tromagnetic vibration have wavelike c.haracteristics. 
X-rays, like visible light, idtraviolot, and the other types, show inter- 
fercmce, di (Traction, and polarization phenomena, which will bo described 
in latcx’ c^hapters. Such phenomena are difficult to explain upon any 
basis other than that of a wave motion. 


B{^fore closing this brief discussion of x-rays regarded as waves, it 
should be mentioned that radioactive elements, such as radium, emit an 
<‘kH.*.(.romagnetic radiation called gamma rays (y-i-ays). These rays are 
physi(^ally the same as very short-wave-length x-rays, the only difTer- 
<^n(^e being that they arc produced by the disintegT*ation process of radio- 
a(rbve material instead of by an x-ray tube. Thus x-rays and gamma 
rays are both short-wave-length electromagnetic radiation, just as the 
noise of a waterfall and the music from a violin are both sound, the 
dist.inction being merely one of source rather than in fundamental 
nature. Gamma rays have a wave-length range covering several 
octaves in the vicinity of 0,02 to 0.001 A. 

The cosmi(! rays should also be mentioned. At the surface of the 
earth there ar-e found a few atomic fragments (such as positrons and 
mesotrons) moving with enormous energies that could be generated 
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electrically only by potentials of hundreds of millions or even billio 
volts. Most of these fragments are probably '^secondary in the i 
that they have been wrenched loose from the atoms composing th 
by the “ primary cosmic rays which bombard the atmosphere 
above and originate somewhere in outer space. Compared with 
number of atoms per cubic meter of air, these cosmic-ray particle 
so rare that the number per cubic meter at any instant is practi 
infinitesimal. Nevertheless, though rare, such high-energy par 
colliding with the atoms in the air probably generate an assoc 
electromagnetic radiation of correspondingly high energy. If so, 
is mixed in with the secondary, and perhaps also in the primary, i*j 
very high energy electromagnetic radiation of very low intensity, hi 
a wave length of the order of 10“® or 10~® A. The term ^^enerj 
radiation’' refers to the energy of the photons described in Sec. 1 
will be explained in the next section how one can determine the 
length of a radiation if the ^'energy” is known. Cosmic rays have 
mentioned here, along with gamma rays, so that the full extent c 
electromagnetic spectrum may be visualized from the wave-m 
viewpoint and the relation of x-rays to these other types of radi 
better understood. 

Table 3-1 may be supplemented, then, as follows: 

Table 3-2 


Gamma rays 0.001 to 0.02 A. 

Possible cosmic-ray component lO"** to 10“=< A. 


3. X-rays as Particles. This phase of the nature of x-rays \v 
introduced by digressing briefly to discuss a few fundamental prop 
of infrared rays mentioned in the preceding section. Infrared radi 
is the familiar “radiant heat” felt when a hot flatiron is hold wit 
few inches of one’s cheek. These rays can be spread out into a spot 
by passing them through a rock-salt or fluorite prism, just as ord 
white light can be spread out into a rainbowlike spectrum by pass 
through a glass prism. The intensity of the rays in any part c 
spectrum can be measured in arbitrary units by placing a thei-moc 
in that part of the spectrum and reading the deflection of a galvi 
eter connected to it. 

If the radiation from an ordinary flatiron is thus analyzed by i 
of a fluorite or rock-salt prism, mirrors, thermocouple, etc. (the cns< 
is called an infrared spectrometer), it is found that the energy dis 
tion of the radiation is represented by a curve of the type sho’ 
Fig. 3-2 published in 1900 by Lummer and Pringsheim.^ These c 

^ O, Lummer and E. Pringsheim, Verhandl deutsch physik. Ges., 1, 23, 21 T) ■ 
2, 163 (1900); Ann. Physik, 6, 192 (1901). 
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vary with the nature of the surface of the emitter. For example, a 
flatiron covered with soot will give a slightly different curve from a 
chromium-plated one at the same temperature. Consequently, for 
standardization, such curves are ordinarily obtained from a black body, 
which consists of a chamber provided with a small hole to the exterior. 
If the temperature of the chamber is 500°, then the radiation emerging 
to the exterior through the small 
peephole is defined as 500° black- 
body radiation. 

The curve in Fig, 3-2 marked 
“998” was obtained from such a 
black body at a temperature of 
998°K., which is 724.84°C. The 
abscissas of the graph represent the 
wave length of the infrared radia- 
tion in microns (commonly abbrevi- 
ated by /x; 1 m — 10“®mm. = 10^ A.), 

The ordinates represent the relative 
intensity of the radiation, which is 
determined by merely reading the 
thermopile galvanometer. Thus one 
sees that, at 725°C., the most intense 
rays have a wave length of about 
3 n or 30,000 A., and the intensity 
falls off at both longer and shorter 
wave lengths than this. 

As the temperature of the black 
body is raised. Fig. 3-2 shows how 
the i-adiation becomes more intense 
at all wave lengths but always 
reaches a maximum value at some 
wave length (such as \% n for the 
1()4(5° cia-ve) with diminishing in- 
tensity at both longer and shorter 
wave lengths. 

The shape of these experimental black-body radiation curves is 
cpiite different from that predicted by the (classical theories of radiation, 
which were based on the assumption that all types of electromagnetic*, 
radiation consist simply of waves. Attempts to explain the discrepancy 
between theory and experiment were quite fruitless until 1900, when 
Planck proposed a revolutionary modification in the theory.^ 

His modification consisted in introducing the postulate that the 

^ Max Planck, 4rm. Phi/stk, 1, 719 (bX)0), 4, 553 (1901). 



Fia. 3-2. — Black-body radiation curvew 
showing infrared energy distribution. 
{Lummer and Pringsheim.) 
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energy is radiated, not continuously as must be the case for pure waves 
but in small packets, which he called ^‘quanta.'’ This revolutionar;; 
change marked the birth of the modern quantum theory of radiation anc 
atomic energy. In order to make the theory fit the experimental data 
Planck found it necessary to postulate that the energy contained in thes< 
minute quanta radiated from a black body was proportional to th< 
frequency of the radiation, or, as he wrote it, 

E = hv ( 3 - 3 ; 

where E is the energy of each quantum, v is the frequency of the radia 
tion as defined in Secs. 1 and 2, and h is the proportionality constant nov 
known as “Planck^s h” or “Planck^s constant.'' The value assignee 
to h by Planck in 1900 was 6.55 X 10~^^ erg-sec., based on the infrarec 
data available to him at that time. The value indicated by the lates 
data^ is 6.624 X 10~^^ erg-sec. Incidentally, the best experimenta 
method now known for determining Planck's constant is one iisini 
x-rays, as will be explained later. The unit “erg-seconds" follows fron 
ordinary dimensional analysis. In equation (3-3), E is energy, measurec 
in the standard e.g.s. unit of energy, the erg; and v is frequency measurec 
in cycles per second, which has the dimensions of 1/sec. or sec.“^ Hence 
h — E/v = ergs/sec.“^ = erg-sec. 

This fundamental postulate of Planck was soon found to have wide 
application in fields of physics other than that of the infrared. One 
of its most important successes was in accounting for the previously 
unexplained phenomena of the photoelectric effect. The photoelectric 
effect is ordinarily thought of as the phenomenon occuiTing in a ]ihoto- 
electric cell when light falls on a sensitive surface like cesium and ejectf 
electrons from it, thus permitting one to use photocells for a wide variety 
of practical applications. However, x-rays have a photoelectric actior 
which is more pronounced than that of visible light, because theii 
frequency v (and hence energy hv) is much greater. Some knowledge 
of the fundamentals of the photoelectric effect is therefore helpful ir 
understanding such things as the action of lead intensifying screens on ar 
x-ray film. 

One of the most important uses for Planck’s equation (3-3) in the 
study of x-rays, however, is its application to their generation, because 
it is the basis of the relation between the electric potential applied to the 
x-ray tube and the wave lengths of the x-rays generated. 

Let us suppose that a potential difference of 150 kv. is imposed 
between the electrodes of an x-ray tube. This is a potential diffei-ene^e oi 
500 electrostatic units, for 1 e.s.u. = 300 volts. It will be remembered 
that potential difference V between two points is defined as the work 

^ R. T. Birge, Rev. Modem Phys., 13, 236 (1941). 
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required to carry unit positive charge from one point to the other. 
Therefore the work required to carry any charge q from one point to the 
other is qV. The charge on an electron is a fundamental physical 
constant^ and is therefore commonly represented by the letter e. Birgers 
latest^ estimate for e is 4.8021 X e.s.u. Consequently the work 

qV required to carry an electron from the anode to the cathode in the 
above example, where q ~ e and V = 500 e.s.u., is 4.8 X 10”^° X 500 
or 24 X 10“^ erg. Conversely, an electron emitted from the cathode 
and proceeding to the anode under the action of the electrostatic field 
between the electrodes will acquire 24 X 10“® erg of kinetic energy by 
the time it strikes the anode. Incidentally, it is usually more convenient 
to speak of the energy of such electrons in terms of ‘^electron volts.” 
Thus, in this example, one commonly would express the electron energy 
as being 150,000 electron volts, rather than 24 X 10~* erg.^ 

The probability that any particular electron striking the anode will 
happen to strike one of the atoms composing the anode in just the proper 
manner to transform all its kinetic energy into a single photon or quantum 
of x-ray energy is very small, but it is possible and does happen occavsion- 
ally. When this occurs, the energy of the photon will of coxirse be 
equal to the energy of the electron; therefore, applying (3-3), 

Vv. = hvi) (3-4) 

or 500 X 4.8 X 10“^® = (5. (524 X 10“-^ vn so tliat vo (the highest x-ray 
frequency generated at 150 kv.) is easily computed as 3.02 X 10 
cycles/sec. Applying (3-2), Xo = c/ vo, or 

•i V lO**’ 


Actually, this coincides exactly with experimental ol>servation, which 
shows that the maximum x-ray frequency genei’ated varies strictly in 
proportion to the tube voltage, as indi(^ated by (3-4). If a tube is 
operated at 150 kv., it is found that the liighest energy (that is, the 
shortest wave-length) x-rays generated have a wave length of 0.083 A. 
This is called the “short-wave-length limit” or the “ Duanc-Hunt'* limit.'^ 
Most of the rays are found to have wave Icingths longer than this, as is 
1,0 bo expectcMl, since most of the electrons in the c,athode-ray beam will 
sl-rike the atoms in the targcit in such a way as to convert only part (or 
none) of their energy into x-i ay photons, so that the rays will therefore 
consist of waves of lower fretpunicy or longer wave length by equations 
(3-3) and (3-2). 

This example illustrates the best-known direct experimental method of 


' R. T. Bilge Am. J. Phi/sics, 13, (>3 (1945). 

See Appondix 1. 

* W. Dimrio juid B. L. Hunt, Phys. Rev., 6, 180 (1015). 
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determining Planck^s constant (if e is known) or h/e if e is assumed to I 
known no more accurately than h. From (3-4), one has h/e = V/\ 
Hence an x-ray tube may be operated at a carefully measured potenti 
V, and the highest frequency vq of the x-rays generated may be observe* 
This limiting frequency is found by measuring the wave length of tl 
shortest waves present at the Duane-Hunt limit and applying vo = c/> 
c is supposedly known more accurately than either h or e. Dividing 
by Vo then gives a direct experimental value ^ of h/e or of ^ if e is assume 
known accurately. The method of measuring the wave length X will 1 
described later. 

The most conclusive proof that x-rays behave in certain respects s 
particles is afforded by observation of their photoelectric action whe 
they strike some object. Suppose that an x-ray tube is ©perated i 
100 kv. and that the x-rays from this tube strike a metal plate near b; 
The x-rays eject electrons photoelectrically from the plate. If it 
placed in a vacuum, the energy of the photoelectrons from it can I 
measured by a device known as a magnetic spectrograph.'^ The sij 
nificant fact about such an experiment is that the maximum energ 
observed for the fastest photoelectrons is always equal to the energ 
of the cathode rays in the x-ray tube, whether the distance between tl 
x-ray tube and the metal plate is 1 or 3 ft. In the present example, tl 
fastest photoelectrons will have an energy of 100,000 electron vol 
because the x-ray tube is operating at 100 kv. 

If one thinks of the x-rays as being pure waves, Sir W. H. liragg hi 
suggested® an analogous phenomenon: 

Suppose we drop a plank into the sea from a given height, say 100 feet; the: 
is a splash and waves spread away over the surface of the water. They pass 1 
boats and ships without any effect, and then after travelling thousiinds of mil* 
they find a ship on which their effect is disastrous: a plank is torn out of tl 
ship’s side and hurled, ninety feet into the air. . . . This is a fair parallel to ar 
explanation of the photoelectric effect on the simple wave theoiy. 

On the other hand, if one thinks of the x-rays as being pai-ticlos, ( 
photons, the explanation of the experiment is quite simple. A (•.ath()d< 
ray electron in the x-ray tube strikes the target T in such a manner as t 
transform all its 100,000 electron volts of energy into an x-ray photoi 
which therefore likewise possesses an energy of 100,000 electron volt, 

^ A recent determination by W. K. H. Panofsky, A. E. S. Green, and J. W. IV 
DuMond, Phys. Rev., 62 , 214 (1942), indicates that h/e = 1.3786 X 10"^^ org-soc 
e.B.u.; P. Ohlin, Nature, 162 , 329 (1943), has found h/e — 1.3787 X 10“^^. 

2 See, for example, H. Robinson, Proc. Roy. Soc. (London) A, 104 , 455 (1923 
Phil. Mag., 60 , 241 (1925). 

® W. H. Bragg, “The Universe of Light,” George Bell & Sons, Ltd., IjoikIoh, 193: 
quoted by permission. 
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The photon travels to the metal plate and encounters an electron there, to 
which it imparts this energy. 

4. The Continuous X-ray Spectrum — Experimental. In the preced- 
ing section, the method was outlined by which the data are obtained for 
infrared energy distribution curves such as those shown in Fig. 3-2. 
In the case of x-rays, it is not possible to obtain such curves by making 
use of a rock-salt prism, for x-rays are refracted to such a slight extent 
by a prism (of any material) that this method is impractical. However, 
it is possible to obtain the x-ray spectrum of polychromatic rays (that is, 
x-rays composed of many wave lengths, like white light) by diffraction 
methods analogous to the production of a colored visible spectrum when 
white light is passed through a finely ruled diffraction grating- The 



3-3. — Ionization <rliiiiuI)tM’ and c<jnnoctionH. iAJtvr HicJitniyiT and Kennardy ''Introduc- 
tion to Modern Physics, 'Ml ed.) 


instrument for this purpose, called an “x-ray spectrometer,” is described 
in Chap. 1C). 

In the case of infrared radiation, the intensity in various parts of the 
spe(d.rum can be measured by a thermocouple or thermopile. This can 
also be accomplished witli visible light and the near ultraviolet by 
means of a phot-ocell. However, the energy of an x-ray beam is con- 
tained in a much smaller number of much more energetic photons than 
is the case with the energy in a beam of light or infrared i-ays. This 
dilferent chara(*.tor of x-rays makes photocells or thermocoeiples very 
inefficient instruments for detecting or measuring the intensity of x-rays. 

The best-known device for giving a continuous indication of the 
intensity of an x-ray beam is tlie ionization chamber. Figure 3-3 is a 
schematic diagram of one of those reduced to its simplest form. T is a 
metal tube a few inches in diameter and (i or 8 in. to 1 yard or more in 
length. At one end it is provided with a “window” W, consisting of a 
hole covered with a thin sheet of aluminum foil, mica, or cellophane, 
although cellophane sometimes deteriorates from the action of the x-rays. 
The metal electrode E, usually a rod, is mounted parallel to the axis of the 
tube T, but displaced far enough from this axis so that the direct x-ray 
beam entering the window along the axis will not strike E at any point. 
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It is important that E be supported and insulated from jP by a good insu 
lator such as amber or quartz. A wire leading from E is connected to ai 
electrometer A, the other quadrants of the electrometer being connectec 
in series with a battery B to the tube T. B should have an electromotiv( 
force of 100 volts or more. If it is important that T be grounded, thi 
may be done provided that the electrometer and the wire connecting i 
to E and the discharge key K are very well insulated. If the circuit i 
grounded at N rather than M, the danger of errors due to insulatioi 
leakage, is reduced, but then the chamber itself is charged, in which cas 
it may be constructed as a wire cage inside of, but insulated from, : 
grounded metal cylinder or case. 

If the chamber is to be used to measure intensity directly, this ma; 
be done by shunting the electrometer with a high resistance r (say 
1,000 megohms), so that the electrometer deflection measures th 
ionization current. If the intensity is very low or if it is desired t 
measure quantity of radiation (intensity times time), then r is omitte 
so that the electrometer deflection measures the electric charge con 
ducted from E to T in a. measured time by the ion current in the chambei 
This charge may be removed at any time by closing the well-insulate 
key K. The electrical leakage through the insulating collar whei-e th 
lead to E enters the tube T may be reduced by incorporating in it 
guard ring R connected to the opposite side of the electrometer, a 
shown. Modern practice often substitutes a vacuum tube amplifier fo 
the electrometer. 

The x-rays that are to be measured for intensity are restricted to 
beam of approximately parallel rays by passing them through collinea 
holes in parallel sheets of lead, for example. The beam must be narrow 
enough so that no part of it will strike the electrode E or the interior c 
the tube T. 

The photoelectric action of the rays will eject electrons from som 
of the atoms composing the gas in the chamber. As will be describe 
later, some of the x-rays will be scattered, and in the process high-energ 
“recoil” electrons are produced. These high-energy photoelecdrons an 
recoil electrons tear through the gas, colliding with hundreds of atom 
and knocking electrons out of them so that hundreds of elec-ti-ons an 
ions are formed. All these will immediately be collected by the (diarge 
electrode E and the tube T, the ions going to the one and the electron 
to the other, depending upon the polarity of the battery. Togethe: 
the migration of the electrons and ions collected will constitute an ioni 
current that will flow through the external electric circuit and caus 
the electrometer E to deflect. If the x-ray beam is intense, a larg 
number of photons per second pass through the chamber and a larg 
electrometer deflection (or rate of deflection, if r is omitted) resulti 
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If the x-ray intensity is reduced 60 per cent, so is the electrometer 
deflection if a shunting resistance r is used; otherwise, its rate of deflec- 
tion is reduced by half. 

The gas in the chamber is usually at atmospheric pressure and may 
be dry air, although some gas of high molecular weight, like argon, 
methyl bromide, or methyl iodide, is often used. The use of such heavy 
gases increases the ionization rate, and hence the sensitivity, by a factor 
of 10 or more, compared with air. Additional details regarding ioniza- 
tion chambers and other means of detecting and measuring x-rays 
will be reserved for Chap. 8. 



A in A 

Fi«. 3-4. — Intensity cairvca for continuous x-ray spoctruin at various voltagGs, frotn 
tube with tuiif^stcn target. A, 20 kv, /?, 25 kv- 30 kv. D, 35 kv. E, 40 kv. Fj 
60 kv. {By ULrey; courtesy of Physical Review,) 

By using an ionization chamber in place of a thermoc<mplo or photo- 
cell to measine intensity, it is pt>ssible to obtain curves for the spo<rtral 
distribution of x-rays like those shown in Fig. 3-2 for infrarcid i-ays. 
Such a set of curves for x-rays from a Coolidge tube with a tungsten 
target are shown in Fig. 3-4, obtained by Ulrey*^ in 1918. In this figure, 
the abscissas i-opresent wave lengths in angstroms, and the ordinates 
represent intensities, which were obtained by taking readings from an 
ionization chamber 75 cm. long filled with ethyl bromide. The various 
curves were obtained by operating the x-ray tube (which had a tungsten 
target) at the dilTeront V(jltages indi(;atcd beneath the figure. 

It will be noted that, as the voltage is increased, (1) the intensity of 
the radiation increases at all wave lengths (the curves get higher, and 
the area under them increases); (2) the wave length at which the maxi- 

1 C. T. Ulrey, Phys. Rev., 11, 401 (1918). 
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mum intensity occurs decreases (the peaks shift to the left); and 
the minimum wave length present grows shorter (the left end of 
curve intersects the X axis at a point that moves to the left with incr< 
ing voltage). The third statement regarding the minimum wave len 
Xo present has been discussed in Sec. 3 [see the paragraph contair 
equation (3-4)]. 

To elaborate on the first statement, Ulrey found that the area ur 
these curves increased proportionally to the square of the x-ray t 
voltage. This means that, over the ordinary voltage range usee 
x-ray work, the total intensity of the continuous x-ray radiation j 
erated in the tube, considering all wave lengths, increases with 
square of the voltage, other things such as the tube current remaii 
constant. That is, 

I continuous kV‘^ ( 

The term “continuous radiation is used to designate the type of x-: 
generated by the impact of the cathode-ray electrons directly, and 
is the only type of x-ray radiation discussed in this chapter. There 
other x-rays generated indirectly by these electron impacts (to be 
cussed in the next chapter), and in order to distinguish the two t; 
the term “continuous radiation” is applied to the type thus 
discussed. 

To elaborate on the second statement regarding XTlrey’s curves, 
the wave length of the most intense rays decreases as the tube volta 
increased, Ulrey concluded that 


X„iU^ = constant 


over the range studied, where X^ is the wave length at the peak of 
curve, corresponding to the maximum intensity occurring at any vol 
V. Ulrey’s curves in Fig. 3-5, upon which this conclusion was bj 
were uncorrected for such effects as second-order diffrac;tion in 
spectrometer, incomplete absorption in the ionization chamber, ab^ 
tion by the x-ray tube wall, the atmosphere and the ionization-chai 
window, variation in the so-called “reflecting power” of the crystal 
in the spectrometer, and, finally, absorption of the x-rays in the 
target itself, since most of them are generated at a small but I 
distance beneath the surface of the target. Pike^ has replotted lH 
curves after making all the above corrections except the first ami la 

After making some of these corrections, Dauvillicr^ cental iided 
equation (3-6) is incorrect, and he suggested instead that the varij 
of with voltage is the same as the variation of Xo with voltage, Xo 1 

^ E. W. Pike, J. Ap'plied Phys.^ 12, 206 (1941). 

2 A. Dauvillier, Ann. j)hys., 13, 49 (1920). 
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the wave length at the Duane-Hunt short-wave limit where XTlrey\s, 
curves intersect the X axis. That is, Dauvillier suggested the relation 

X,„ = fcXo (3-7) 

where ife is a constant. Subsequent work by Kulenkampff^ tended to 
confirm this, but still later work by Kirkpatrick- led him to propose the 
i-elation 

\n = k + /c'Xo (3-8) 

where k and k' are two different constants. Kirkpatrick’s corrections 
did not include absorption in the tube target, so the relation governing 
X„i is still in some doubt. 

There is no such doubt about Xo, however. From (3-2) and (3-4), 

XoV = — (3-9) 

e 


in which hc/e is, of course, a constant, and this has been experimentally 
verified with very high accuracy. In this equation, it must be remem- 
bered that Xo is in centimeters (not angstrom units) and V is in e.s.u. 
(not volts; 1 e.s.u. of potential — 300 volts). 

In the paper by Kulenkampff mentioned in connection with equation 
(3-7), he detemiincd that the family of curves in Fig. 3-5 can be repre- 
sented quite accurately by tlie empirical ecpiation 



+ 


1 

X‘^ 


(3-10) 


where B and C are constants and Z is the atomic number of the target 
element. D is so small that the second tei'iii is oi'dinai'ily neglected in 
comparison with the first. 

The matter of correcting i(jnization-chamber readings to obtain the 
true intensity is (piite complex, but the problem is comparable to a 
similar one encountered in other physical measurements that may be 
more familiar. The only fundamental and absolute way of measuring 
and exj^rcssing tlie intensity of any radiation such as light, sound, 
x-rays, or radio waves is to measure the energy flow per second through 
unit area of an imaginai*y plane perpendicular to its direction of travel. 
When so measured, light intensity, sound intensity, x-ray intensity, etc., 
will all be expressed in terms of ergs/cm.^/scc., and not in such arbitrary 
units as foot-candles, decibels, roentgens per second (see Chap. 8), etc., 
which are measured by such instruments as photocells, sound meters, 


^ H. Kiilonkainpff, Ann. Physik, 69, 548 (1922). 
2 P. Kirkpatrick, Phy.<i. Rev., 22, 37 (1923). 
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and ionization chambers. Thus a photocell and meter such as photog- 
raphers use to judge camera exposures may read 17 in a beam of red 
light and 17 in another beam of green light, even though the red light 
beam is really twice as intense measured in absolute units, ergs/cm. ®/sec. 
The same is true of ionization chambers when used to measure x-ray 
intensity. They ordinarily give a higher reading when measuring the 
intensity of a long-wave-length x-ray beam than they do when placed 
in a short-wave-length beam of the same absolute intensity, and the 
relative readings will change or even reverse when one gas like air is 
replaced by another like methyl iodide in the chamber. Ionization 
chambers can therefore be used to compare x-ray intensities at different 
wave lengths only after corrections for several factors have been carefully 
made. 

The experimental studies of Ulrey, Dauvillier, Kulenkampff, and 
Kirkpatrick mentioned above all indicated also that the total intensity 
of the continuous radiation is proportional to the atomic number Z 
of the target material, so that equation (3-5) may be generalized to 

I continuous = KZV^ (3-11) 

where K is a constant. This result might have been anticipated from 
the relation for x-ray tube efficiency evolved from the expeilments of 
Beatty and Rump mentioned in Chap. 2 [equation (2-5)]. The pro- 
portionality between /continuous and Z has not been established as one of 
strict accuracy, but it is a very good approximation. The relation- 
ship is quite accurate, although it has not been verified with the extreme 
accuracy of equation (3-9). 

In practical work such as radiographing a casting or treating a tumor, 
there are three primary points to be kept in mind as one concludes 
this section (Sec. 4). (1) An increase in the voltage used increases the 

x-ray intensity in a square-law relationship (tripling the voltage increases 
the intensity ninefold). (2) An increase in the voltage used makes the rays 
more penetrating hy decreasing their wave length. (3) For a given voltage, 
the x-ray intensity at all wave lengths is directly proportional to the tube 
current. 

The second point brings up the question of the relation between 
the wave length of the x-rays and their ability to penetrate matter. 
This will be discussed in detail in Chap. 5. For the present, it will 
merely be stated that short-wave-length x-rays are able to penetrate 
matter much more effectively than long-wave-length x-rays. High- 
voltage short-wave-length x-rays are commonly called ‘‘hard" x-rays. 
Low-voltage long-wave-length x-rays are commonly called “soft" x-rays. 
If they are quite soft (wave length of 2 A. or more), they are sometimes 
called “grenz rays." “Grenz" comes from a Greek word meaning 
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“border” and suggests that the grenz rays are on the border between 
x-rays and ultraviolet rays. 

X-rays of the type discussed thus far, which have the spectral dis- 
tribution graphically represented in Fig. 3-4, are called the continuous 
radiation because their wave lengths vary continuously over a wide 
spectral range in a way similar to the continuous spread of the wave 
lengths present in white light from an incandescent lamp. It is this 
continuous x-ray radiation which is used in most radiographic work 
(hunting flaws in castings, broken bones, etc.), therapeutic work (killing 
tumors, etc.), and other work outside of the field of x-ray diffraction 
(to be discussed later), and it is useful in certain types of diffraction 
work. . 

6. The Continuous X-ray Spectrum — Theoretical. A brief outline 
of theories of the origin of the continuous x-ray spectrum may help to 
guide practical workers into fruitful types of work and prevent waste of 
effort. According to the early classical theory, one may visualize the 
cathode-ray stream bombarding the x-ray tube target as analogous to a 
hail of machine-gun bullets fired into a room packed full of baseballs. 
According to this analogy, the bullets represent the cathode-ray electrons 
and the baseballs represent the atoms composing the target; if it is a 
tungsten target, they will be tungsten atoms. The bullets will immedi- 
ately encounter the baseballs, which may be imagined to be constructed 
each with a central core harder for the bullets to penetrate than the 
outer portion. A few of the bullets will liappen to strike the first ball 
they hit in such a way as to be stopped at once by the central core. 
Most of the bullets will pass through the outer portions of the first two 
or three balls they strike, without encountering a core, and may there- 
fore penetrate to a depth of several layei-s of balls before they are finally 
stopt)ed. In any case, the bullets are stopped in a short distance; and 
sin<;e they had a high initial velocity, their quick stop subjected them 
to a high deceleration, or negative acceleration. 

According to the electrical theories of classical physics, an electron, 
supposed to be a negatively charged particle, will indeed generate an 
electromagnetic wave, or at least a pulse (as distinguished from a con- 
tinuous train of waves), when subjected to such an acceleration, either 
positive or negative. As already mentioned in Sec. 1, such waves are 
transvei'se, associated, mutually pei'pendicular, electric, and magnetic 
vibrations. According to the bullet-baseball analogy, the accelerations 
of the bullets (electrons) will take place predominantly in the direction 
of their initial line of travel, although glancing blows will cause them to 
ricochet to some extent among the baseballs, thus introducing smaller 
accehn-ations in directions perpendicular to the line of travel of the 
bullets. 
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In Fig. 3-5, an electron supposedly travels along the line AO wit] 
velocity v until it strikes the atoms of the target. Thereupon it experi 
ences an acceleration a in the opposite direction represented by the vecto 
a at O (which may be thought of as the point at which the electro, 
encounters an atom). Assuming that the continuous x-ray radiation i 

generated by a process of the sor 
described in the preceding pai’a 
graph, J. J. Thomson^ worked ou 
the theory on the basis of class: 
cal physics and showed that i 
predicts an electromagnetic puls 
r|Ldiating from O. It radiates i 
all directions with velocity c, an 
so at an instant r/c sec. after th 
pulse started from O its positio 
will be represented by the sphei 
S of radius r with center at O, 
being the velocity of light. In the arbitrary direction OPX making a 
angle 6 with the direction of the vector a, the electric vibration at P, whet 
OP X pierces S, is represented by the electric vector E, E is perpendicuiU 
to OX and lies in the plane AOX. The associated magnetic vibration 
represented by the magnetic vector H. H is perpendicular to the plar 
AOX. If a is in the direction shown, E and H have the directions ind 
cated by the arrow heads in the figure. Calculations based upon th 
classical^ theory lead to the result 



Fig, 3-5. — To illustrate Thomson’s classical 
theory of continuous x-ray generation. 


E = H = 


sin 6 


rc^ (1-/3 cos 6)^ 


(3-U 


where E is in c.g.s. e.s.u. of electric field intensity, H is in oersteds (forn 
erly called gauss), a is the acceleration in centimeters per se(U)nd p< 
second, e the electronic charge in e.s.u., r is the distance OP in centimeter 
c is the velocity of light in centimeters per second, and ^ v beii: 

the velocity of the electron when it struck the atom. Together, thef 
vectors E and H move along the line of travel OX with vehxdty c, the 
magnitudes decreasing inversely in proportion to their distanen-^ r from i 
They represent the part of the electromagnetic pulse geYierated at 
which is radiated in the arbitrary direction OX. 

The well known classical expression for the energy per cul)ic cent 
meter of the space through which such an electromagnetic vibi’ation 


1 J. J. Thomson, PMl. Mag., 46, 172 (1898). 

The (1 /3 cos Bp term is a correction term that enters from the application 

the special theory of relativity. The simple classical equation is one in which tl 
term equals 1 and so does not appear. 
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passing IS 


Energy /cm. 3 ^ Sir empty space) ^ 


(3-13) 


This quantity multiplied by c gives the energy passing per second through 
1 cm.^ of an imaginary plane perpendicular to the direction of motion 
of the radiation, which of course is the intensity I. Hence the intensity 
at the point P in Fig. 3-5 is given by 


I = 


(i-e- 


sin- (9 


•f-TT/'-r'* ( I — /? cos 


(3-14) 


each letter having the same significance as in (3-12); I will be given in 
ergs/ cm. V s^cc. 

Thl^ theory obviously oversimplifies the picture, for the electron is 
pictured as being stopped by uniform negative acceleration in the direc- 
tion of its original velocity, rather than by repeated accelerations of 
various magnitudes in various directions. To check the theory, experi- 
ment can be made to approach these idealized assumptions by using 
extremely thin metal foil as the x-ray tube target. In this case, most 
of the electrons pass right thi'ough, but a few experience accelerations 
in the foil of the type assumed in the theory. 

Various workers^ have performed suc^li thin-target expeilments in 
order to check thc^ theory. It has been found that the x-ray intensity 
from thin targets varies with voltage and direction in a way which is 
only rouglily represented by (3-14). For a more accurate expression, see 
equation (3-23). 

This classical theory of the generation of the continuous x-radiation 
|)T‘edic-ts that the continuous rays gxaicrated in an extremely thin target 
will be ciornplotoly polarized in the plane of the e.athode rays and the 
x-ray in question, ddiis follows from the fact that th<^ vector E is in the 
plane AOX in Fig. 3-5, whereas in the case of ordinary unpolarized 
x-rays (oi’ light or other electromagnetic radiation) the <^leetric vibration 
represented by the vector E is found to ocatur in all directions iierpen- 
dicular to the ray, as reprcisented at Tlf, each dilfei'ent vect-or E being 
associated with a magnet ic vibration pcvrpcmdicular to that E and to the 
ray. Thus the magnct.ic vibrations H are also found in all directions 
perpemdiendar to tlui my in unpolarizcnl radiation. The prc>di(;tion that 
thin-target. x-rays are complekily ])olarizcHl as shown in Fig. 3-5 is in 
fail- agi-eement with tlu^ rtisull.s of thin-target experimciiits, which have 
revealed the x-rays to be liighly, but not 100 per cent, polarized in the 

1 II. Kul(uika,rnplT, Ann. Phynik, 87, 597 (1928) ; Physik. Z., 30, 513 (1929). W. W. 
Nicholas, Bur. SUnulards J. liescarch, 2, 837 (1929). K. Bohin, Ann. Physik, 33, 
315 (1938). It. Hoiicrjj'Lger, Ann. Physik, 38, 33 (1940). K. Hixrworth and P. Kirk- 
patrick, Physik. Rev., 62, 334 (1942). 
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plane predicted. The definition of “per cent polarization’’ and 
method of measuring it for x-rays are discussed later in this section. 

The predictions of the classical theory are therefore only in appr 
mate qualitative agreement with experiment, both as regards ang 
intensity distribution, variation of intensity in a given direction \ 
voltage, and per cent polarization. A glaring defect of the clas£ 
theory is that it predicts that any accelerated electron must rad 
electromagnetic waves as long as it is accelerated. This implies i 
every atom should radiate such waves all the time, because atoms cor 
of a positively charged nucleus surrounded by swarms of elect] 
supposedly revolving about the nucleus as the planets revolve about 
sun and hence continuously subject to enormous centripetal accelerati 
Some of the evidence for this statement will be described in Chaf 
Ordinary atoms do not constantly radiate energy, of course, and so 
difficult to explain why merely accelerating an electron should gene 
radiation. « 

When one calculates the wave lengths of the radiation on the 1 
of the classical theory outlined above, the resulting equations pre 
that they will cover a continuous range extending both above 
below the Duane-Hunt short-wave limit. Of course, this is in di 
conflict with the data represented by Fig. 3-4. 

In spite of these shortcomings, the angular intensity distribu 
of the continuous x-rays from a thin target can be predicted with 
siderable accuracy by the classical theory. Equation (3-14) gives 
intensity of the radiation to be expected at the point P (Fig. 3-5) 
given instant due to the acceleration a of an electron at O at an ins 
rfc sec. earlier. To calculate the integrated intensity to be expected 
due to the entire stopping process of the electron, during whicl 
velocity drops from v = to v = 0, it is necessary to integrate 
expression (3-13) over the corresponding time interval. Calling 
integrated intensity I, one has 

(5 

where h is the value of t at the start of the deceleration when v 
and is the value of t at the end of the deceleration when ?> = 0. f 
merfeld^ was the first to carry through this integration, and he obta 
the result 

j _ |a|e^ sin^ 6 j” 1 

~ 16-7rr^c^ cos 0 L(1 — jS cos 0)'^ 

where jal is the absolute value of the acceleration (assumed to be con? 
during the stopping process). 

1 A. Sommerfeld, Physik. Z., 10, 969 (1919). 
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When this expression is plotted in polar coordinates as a function of 
one obtains theoretical energy distribution curves of the type shown in 
Fig. 3-6. The corresponding experimental 
thin-target energy distribution curve ob- 
tained by Honerjager^ from a thin target for 
a value of ^ of about i is shown in Fig. 3-7. 

It will be noted that the maximum of the 
jS = § curve in Fig. 3-6 occurs at about 70®, 
whereas the maximum of the experimental 
curve occurs at about 55® ; therefore, the data 
fit the theory only in an approximate and 
qualitative way. 

With the advent of the quantum theory, 
efforts have been made to apply it to the con- 
tinuous x-ray spectrum, and among these the 
work of Kramers^ may be mentioned as one 
of the more successful efforts to patch up 
the classical theory by introducing some of 
the concepts of the quantum theory. This was done by making use of a 
postulate advanced by Niels Bohr in 1918, called the ‘^correspondence 





Fig. 3-6. — Theoretical angu- 
lar energy-distribution curves 
for continuous radiation from 
a thin target at three different 
voltages. {After Compton and 
Allison; courtesy of jD. Van 
Nostrand Company, Inc.) 



Via. 3-7. — Angulai- x-ray energy-distribution curves for a thin target, E, experimental 
curve for rays at short wave-length limit only, from aluminum foil target about 200A . 
thick, at 34 kv.* obtained l>y Ilonerjagcr. jS, the c.orrosponding theoretical curve for a 
target of inhuitesimal thic,knoss, calculated by Scdicrzor. 

principle.” It states that under certain conditions of high quantum 
enei'gy (as in the case of x-rays) the frequency of the electromagnetic radi- 
^ R. Honerja^er, Ann. Phystk, 38 , 33 (1940). 

2 H. A. Kramers, Phil. Mag., 46, 836 (1923). 
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ation generated by oscillating or accelerated electrons may be calculatec 
the basis of classical electrodynamics, as already outlined, and then qv 
turn theory may be applied to calculate the intensities. Such a hy1 
“classical-quantum” treatment is never very satisfactory, but Kran 
was able, on such a basis, to arrive at an expression for the efficienc; 
x-ray generation that agrees within experimental error with Beat 
equation (2-5). His theory also indicated that if the intensity of 
continuous x-radiation in any given direction from a thin target 's 
plotted as a function of the frequency the result should be mere^ 
straight horizontal line terminating at = vq, the Duane-Hunt li 
The height of the horizontal line of course depends upon the ang 
for which it is plotted (see Figs. 3-6 and 3-7). That is, for a giv^ 


= constant (r < ro) (3 

This being the case, one might suppose at first thought that a horizt 

straight line would also reprc 
the intensity when plotted 
function of wave length. < 
sideration of the meaning of cu 
of this type (for example, ^ 
3-2 and 3-4) will show that t] 
not true, however. 

When the intensity /\ is pl< 
as a function of the wave lei 
the ordinate of the curve at 
value of X, sucih as Xi, reprci 
the average intensity of the 
ation present in the wave-lc 



Fig. 3-8. — Typical energy-distribution 
curve for tdiG continu.o'u.s radijition froni a 
thin targot. (^Cotnpto'ti ciTid courtesy 

of £). Van Nostrand Company, Inc.) 


range d\ lying between Xi and Xi d\. Hence the energy in this riii 
/x d\. In the same way, if I is plotted as a function of the f requem^y 
energy in a frequency range dv is I, dv. Two such curves are thei 
equivalent only if I p dv = — I\d\, the negative sign entering bec*a 
positive value of d\ corresponds to a negative value of dv. Fror 
relation v = c/X one has dv/d\ — — c/X'^. Hence 


/x = 




I 


V • 


Therefore the relation (3-17) is equivalent to the relation 

lx = ^ (constant) = ^ (^ > ^o) ' 

where b is a constant. This relation is represented graph ica 
Fig. 3-8; with proper choice of the value of b, it fits the experin 
data fairly well and may be contrasted with Fig. 3-4 for a thick ta 
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The empirical equation (3-10) is not in the form given by Kulen- 
kampff but is derived from the form 

= C'Z{vQ - u) + B'Z^ (3-19) 

given by him, by making use of the relation 

/x = ^ J. (3-20) 

In the paper by Kramers, just discussed, he derived theoretically 
the equation (for a massive target) 

Stt 

^^^3 Z(j^o - v) = 5 X lO-^^sZ(vo — v) (3-21) 

which transforms to 

A = 45 X 10-o.Z i (^ - 0 (3-22) 

where s is the number of electrons striking the target (of atomic number 
Z) per second, Z is a constant having a value of approximately 6, h is 
Planck’s constant, and c and m are the charge (in e.s.u.) and mass of an 
electron. It will be noted that (3-21) checks (3-19) when B' is neglected, 
as usual. 

Sommcrfeld^ initiated the work of applying quantum mechanics 
to the theory of the continuous x-ray spectrum as generated in thin 
targei.s. He arrived at approximate expressions for the intensity and 
])olarization of the rays by considering the intei-action between the 
cathode i-a^'s and the “pure coulomb field”'-^ of the nuclei of the atoms 
that, rt^.ard them. These expressions agree well with the experimental 
data for thin targets. 

Mor<^ recent developments have been added to the theoretical ground- 
work of Sommcrfeld by Scherzer,® Sauter,‘‘ Elwert,^ and Weinstock,® 
and t.he agreement between experimentaP and theoretical thin-target 
angular energy distribution curves is now very good. This progress 
is thi(‘ to refinement of tlie experimental technique as well as to refine- 
nuuit. of the theory, llc^liable experimental data have been secured 
from target-s only 100 or 200 A. thick. ^ Scherzer’s equation correspond- 

' A. S<)innH!rr(‘l(l, Ann. I'hijfsik, 11, 257 (H)3l); Proc. Natl. Acad. Sri., 16, 303 
( 1020 ). 

is, nil inv('rs(i-s(iu!i.r<!-l!iw nipiilHion is substituted for d’homson’s assump- 
tion tliJit t he rolls sire sul>jc<-t to a constant negative acceleration. 

^ O. Sirherzcr, A nn. Phynik, 13, 137 (1032). 

■» V. Sautor, Ann. Pfu/sik, 18, 48(5 (1033). 

Kl. I'llwcrt,, A nn. Phi/.'nic, 34, 178 (1030). 

" R. VVcinslocU, Phy.s. Rev., 61, 584 (1042), 64, 276 (1043); see most recent paper 
by P. Kirkjialrick and L. Wiedmann, Phys.Rev., 67, 321 (1045). 

^ (See foot note 1, p. 37. 
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ing to the classical equation (3-16) is 

a.^ZH‘^h?c .. o.r 2(1 


Ib = 


^trotZ 


sin^ d 


(E - EoYie P - 1) 






(1 — )3 cos ff)^ 


"h 


(1 - Vl - /3^)(1 - 2 a/I — /52) 
(1 — /3 cos ey 


] 


where e in the denominator is Napierian log base, e in numera 
electronic charge in e.s.u., a = ^we'^/hc, /3 = v/c as before, Eo = 

E 

mo being the rest mass of an electron (see Sec. 4-3), E = — - 

Vl - 

Z is the atomic number of the element composing the tube target. 

Curve S in Fig. 3-7 is a plot of this equation, which may be com 
with curve E in the same figure, obtained by Honerjager^ for the i 
wave-length limit portion of the continuous radiation at 34 kv. frc 
aluminum target 200 or 300 A. thick. The largest discrepancy 
^ = 0, but this discrepancy appears to approach zero as the thic 
of the target approaches zero. 

Using modern quantum mechanics, Sommerfeld^ derived an e: 
sion for the percent polarization to be expected in the x-rays gen€ 
in a thin target of a light material like aluminum bombarded with 
voltage cathode rays (say at least 30 kv.). He found that the pol 
tion should vary with the wave length. At the short-wave limi 
polarization should be complete (100 per cent) with the electric ^ 
in the plane of the x-ray beam and cathode-ray beam, just as pre< 
by classical theory. For the longer waves, however, the polari; 
should be less complete. For example, the waves having a 1 
twice that at the short-wave limit should be only 57 per cent pols 
These results check reasonably well with the experimental data fo 
targets.® 

So far as the continuous x-rays radiated from an ordinaiy x-ra^ 
with a massive target (as opposed to thin foil) are concerned, B 
was the first accurately to measure their polarization experimentall; 
his results have been verified by various other investigators 
Figure 3-9 illustrates the essentials of his expeiimental ai-i-angemen 

X-rays generated at the x-ray tube target T pass thi*ough a h 
in a lead shield, and most of them pass on through the scattering bl 
of some light material like carbon. Part of them, however, are sea 


1 R. Honerj ager, Ann. Physik, 38, 33 (1940). 

2 A. Somme rf eld, Ann, Physik, 11, 257 (1931); see also P. Kirkpatrick 
Wiedmann, Phys. Rev., 67, 321 (1945). 

3 B. F. Boardman, Phys. Rev., 60, 163 (1941); D. S. Piston, Phys. Rev., - 
(1936). 

^ C. G. Barkla, Phil. Trans. Roy. Soc. London, 204, 467 (1905). 
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in S, and it is found that more of these reach the ionization chamber B 
than the chamber A . When the tube is rotated 90° so that the cathode 
and target are at C' and T' , then more rays scattered from S reach A 
than B. In each case, the intensity /j_ of the rays scattered perpen- 
dicular to the plane CTS (or C'T'S) exceeds the intensity /n of the rays 
scattered parallel to this plane, which is the . . 

plane of the electric vector if the rays were J [C 

100 per cent polarized (see Fig. 3-5). The 
per cent polarization P is defined as 


J± -h I\ 


(3-24) 


and the various experimenters find that for 
the rays near the short-wave limit (which 
are generated practically at the surface of 
the target, whereas the longer waves ai'e 
mostly generated several atomic layers be- 
neath the surface) P has values ranging from 
10 to 90 per cent. For massive targets, P 
decreases as the tube voltage increas(;s and 
as one includes more of the lorigei* waves 
farther from the short-wave limit. 

This section outlining theories of the 
continuous x-ray i-adiation will be closed by 
emphasizing two points. ( 1 ) All the theoric's 
of the continuous x-ray specrtrum are able to 
arrive at quantitative mathematiciil expres- 
sions which fit some of the experimental data 
accurately enough so that there is no roqm 
for doubt that the continuous spectrum is gernn-ated by the (uithode-ray 
electrons themselves during their sudden stop as they int,crac,t witli the 
target atoms. (2) This continuous x-ray I'adiation beciornes harder (more 
penetrating, shorter wave length) and more' intcjiise witli iiuvroasing tube 
voltage and more intense (but not harder) with imn-easing tul)e current. 



Fig, 3-0 . — Bur k!a\s experi- 
inontjil !irrjin^];o!ncnlr for iiieaHur- 
iiiK Mu* of pohiriKjition of 

x-ruyH. {Adapted front Comp-- 
ton and Allison; courtesy of 
D, Van JVostrand Company^ 
Inc,) 


QUESTIONS AND PROBLEMS 

1. What arc x-rays? (Jnuiz rays? (Jjumna rays? What is a photon f Is the 
phot()el<^e<.ri(^ olTcet more proiuaiiuaul in the easfi of x-rays than it is with ordinary 
light? Why, or wliy not? What arc hard x-rays? What instninKait is eouimonly 
used to in(iasurc tlie intensity of an x-ray Ix^ain ? Idanek postulated the existen<;e 
of energy (juanta in order to (^\i)lain the ehara.et<';r of what kind of radiation? 

2. If the wave length of a monochroniatie. x-ray beam is 0.1 A., what is its fro- 
qiieney? How mneh eiUTgy does each photon in this Ix^ain have? 

Ans. 3 X 10^'-* per second; 19.9 X 10"" erg. 
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3. If this beam strikes an object, it will eject electrons from its surface. " 

maximum energy possessed by the fastest of these photoelectrons will be how m{ 
electron volts? iris. 124,000 electron volts 

4 . If a Coolidge tube is operated at 200 kv., the hardest x-rays generated ' 
have what wave length? From Fig. 3-5, what voltage should be impressed upo 
tube if it is desired that the mst intense rays should have a wave length of ab 

0.6 A.? Am. 0.062 A.; 27-2- k^ 

6. How will the total x-ray energy emitted in the continuous radiation fror 
tube operating at 36 kv. with a lead target compare with that from a tube operatinj 
18 kv. with a columbium target, the tube current being 10 ma. in both cases? Ans 
the same question if the tube current is 10 ma. in the columbium tube but only I 
the lead tube. Ans. 8 times ; 4 times 

6. Are the x-rays from an ordinary x-ray tube polarized to a measurable exte 
In what plane? What is meant by the statement that they are 10 per cent polariz 

7. If an extremely thin target is used in an x-ray tube, will the most intense x-r 
radiate from the side of the target next to the cathode or from the other side? 

8. If the intensity I\ over a given range of wave lengths were constant in an x- 
beam, how would the intensity I v vary over the corresponding frequency range? 

Ans. ly = Ajv 

9. If a given tube operating at a given voltage and current and placed 2 ft. fi 
the photographic film gives a satisfactory radiograph of a certain object in 10 s 
what will be the time required if the tube-to-film distance is increased to 4 ft 
improve detail and reduce distortion? If increased to 6 ft.? If the tube cun 
was originally 5 ma., one might make the radiographs at 4 ft. and 6 ft. without inen 
ing the time by increasing the tube current to what value in eacdi (‘,aso? 

Ans. 40 sec.; 90 sec.; 20 ma.; 45 lui 



CHAPTER 4 

CHARACTERISTIC X-RAY SPECTRA 


1. Experimental Introduction. In the same paper ^ in which Ulrey 
published the continuous x-ray distribution curves reproduced in Fig. 3-4, 
he also published the curve shown in Fig. 4-1. This curve was obtained 
by the same technique used in obtaining Fig. 3-4, except that the x-ray 
tube had a molybdenum target instead of a tungsten target. The tube 
was operated at 35 kv. when the curve of Fig. 4-1 was obtained, and it 
may therefore be compared with curve D in Fig. 3-4. Except for the 



I'’iG. 4-1. — Intensity eurve for x-rnys radiatod from tube with inolybdonuni target, operated 

at li.'j kv. {li/j Ulrey; courfcsy of Physicdl Jiwicw.) 


two spectacular nari’ow ))caks at about 0.71 and 0.03 A., Fig. 4-1 
practically duplicak^s (uirve J) in Fig. 3-4. It shows a somewhat decreased 
intensity at all wave h^ngtlis, as would be <^xp(u*.ted from e<iuation (3-11), 
since Z is only 42 for molybdenum as compared with 74 for tungsten. 

Since tlie only dilTerence between the. techni(iuos is that the curves 
of Fig. 3-4 were obtaiiuMl with a tungsten tai’get and those of Fig. 4-1 
with a molybdenum target., the two strong nai-row peaks evidently are 
related in some way to the tai-get material. The absence of such peaks in 
any of the speetra in Fig. 3-4 bec(Jines less surprising when it is stated 
that such peaks do occur in the tungsten x-ray spectrum provided that 

^ C. T. Ulrey, Phys. Rev., 11, 401 (1918). 
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the tube is operated at a voltage above 70 kv. However, the tung, 
peaks obtained at these higher voltages occur at wave lengths of al 
0.21 and 0.18 A. instead of 0.71 and 0.63 A., as with molybden 
Furthermore, if the molybdenum tube is operated below 20 kv., 
peaks disappear just as the tungsten peaks disappear below 70 kv. 

These peaks are analogous to the bright-line optical spectra prodi 
by such sources as hot sodium vapor or mercury vapor; and since i 
are characteristic of the target material, they are called character 
spectra. If the target is a compound, for example silicon carbide, 
characteristic spectra of all the component elements (silicon and car 
in this case) will be excited. If high-voltage cathode rays can be rr 
to bombard a liquid, like mercury, or a gas, like krypton, their charac 
istic spectrum is likewise excited. 

These spectra were first discovered in 1909 by C. G. Barkla,^ 
found that, in addition to the strong maxima shown in Fig. 4-1, tl 
are also other characteristic maxima for each element at a region in 
spectrum not shown in Fig. 4-1, and having a considerably gre 
wave-length. Since these two groups of maxima are found for 
except the very lightest elements, each group is called a ‘‘series.” 
1911 the long-wave-length series (not shown in Fig. 4-1) was first ca 
the “L series” by Barkla,^ and the short-wave-leiigth series showi 
Fig. 4-1 was called the “ K series,” also known today as the “ Iv radiati 
or the “K lines” by analogy with the “lines” in optical spectra. Ba 
discovered these series of x-ray spectra and named them before 
discovery of x-ray diffraction, and therefore before any such thing aj 
x-ray spectrometer existed. He achieved this by making use of 
fact that “hard” rays (short wave length) are absorbed in aluminum 
lesser extent than “soft” rays (long wave length). 

After the discovery of x-ray diffraction in 1912, Moseley was abl 
use an x-ray spectrometer to study these spectra, and he soon discove 
a mathematical relation between their wave lengths and the at(j 
number of the chemical element of which the x-ray tube target 
composed. It is 

j'i = K{Z - a) (. 

Here K and a are two constants, the same for the K series for all eleme 
or, by introducing different values for these constants, the equation r 
be made to fit the L series for all elements that have an B series. Z is 
atomic number of the target element, and v the frequency of one of th 
(or L) lines. Moseley called the more intense longer wave-length p 
^ 4-1 (at 0.71 A.) the 1C alpha, or K®, line and the less intc 

^ C. G. Barkla, Proc. Cambridge Phil. Soc., May, 1909. 

* C. G. Barkla, Phil. Mag., 22, 396 (1911). 

3H. G. J. Moseley, Phil. Mag., 26, 1024 (1913), 27, 703 (1914). 
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shorter wave-length peak (at 0.63 A.) the K beta, or K/s, line.^ He also 
designated the various L lines by Greek letters as La, L/g, etc. He 
published tables from which a few figures are listed in Table 4-1. A 
modern table of characteristic x-ray spectra will be found in Appendix. III. 


Table 4-1.- 


-C'HARAOTERLSTIC X-RAY SpEC'TRA 
(Moseley, 1914) 


Element composing x-ray 
tube targ(!t 


Iron 

Cobalt 

Nickel 

Copper 

Zinc 

Molybdenum 
Tlutheniuin . . 
Ilhodium .... 
Palladium . . . 

Silver 

Tin 


Atomic 

number 


26 

27 

28 

29 

30 
42 

44 

45 

46 

47 
.50 


Wave lengths, A. 


Kaline 

line 

La lino 

U 

Ly 

1 . 946 

1.765 




1 . 798 

1 . 629 




1.662 

1.506 




1.549 

1.402 




1. 445 

1.306 




0.721 


5.423 

5.187 


0.638 

1 

4.861 

4.660 




4.622 



0.584 


4.385 

4 . 1 08 

3 . 928 

0 . 560 


4.170 






3.019 




The L lines for elements of lower atomic number than molybdenum 
were too soft for measurement, and the K lines for elements of higher 
atomic numl)er than silver were too hard for measurement with the 
techniciue then available. Nevertheless, it is clear from these data 
that the wave lengtlis of tbti K series and the L series of x-ray spectra 
decrease systematically with increasing atomic, number, as represented 
by equation (4-1). This is called M o.sclcy’s law. This relation enabled 
Moseley to determine for the first time tlie correct order in which the 
elements should be arranged in the pei’iodic. table, d'heir general order 
was, of course, known before 1914, but there were several doubtful 
cases, such as cobalt and ni(tkel, or tellui-ium and iodine, which have 
atomic weights indi(;ating that iodine should pre(XMle tellurium and that 
nickel should pre<iede (jobiilt in the table.- Such c:ases wore cleared up 
by Moseley’s study of these characteristic x-ray spectra. 

Moseley’s work was cut shoi't when he was kill(^<l in the First World 
War; but others, iKJt^ably Manne Sic^gbahn, conl.iniKul it, and at i)reseiit 
the wave knigths of the K s(u ies Jiav(^ b{;<m accurately measured for all 

^ Actunlly, both of tlusso an! doulilots, ho (!1oho tog(!lluM- that Mosejley’s 

spectrom<!ter did not rcHolvc tli(!m. For (!xa.niplc, the Ka "lino” really consists of 
a Kai lino at 0.707A. aiul a Ka.j liiu! at 0.71 2A. for molybdenum. The ox’igin of these 
lines will be <!xplained in cUitail in kSxie. 3. 

® For bibliography on dovelopin(*nt of Memhilyeev’s periodic table, see F. A. 
Paneth, Nature, 149 , 56.5 (1942). 
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elements (except missing or rare ones) from sodium (11) to uranium (' 
and for the L series from iron (26) to uranium. It has been fo 
that the L radiation in reality consists of three separate series of li; 
now known as the Li, Ln, and Lm series. These three allied se 
require slightly different minimum potentials to excite them, Lm b< 
easiest and Li hardest to excite. Furthermore, two additional charac 
is tic series (really series groups, like the L series) of x-ray spectra h 
been discovered far out in the long-wave-length region and named 
M series and the N series, respectively. This M series radia- 
is a multiple series, like the L radiation. It consists of five separate 
closely allied series, commonly designated as Mi, Mu, Mm, Miv, 
Mv- The-N series’^ is likewise a series group. The wave length 
the M series have been measured for most elements from dyspros 
(66) to uranium, but the N series has been measured for only a few of 
heaviest elements like thorium and uranium. Indeed, it is theoretic 
impossible for lighter elements like zinc to produce any N radiation 
for still lighter elements like aluminum to produce any M or N radiat 
or for still lighter elements like carbon to produce any L, M, or N ra 
tion, as will be explained in the next section. The wave lengths of 
characteristic x-ray spectra as determined by Siegbahn and his as.'- 
ates are listed in the Appendix. 

As already mentioned, the K radiation appears only when tlie vot 
applied to the x-ray tube exceeds a definite value, which has bei^n g: 
as 20 kv. for a molybdenum target and 70 kv. for tungsten. ^ The s 
behavior is shown by the softer L, M, and N radiations, except t.hat 
minimum excitation potentials are lower. For example, the L radia 
appears when the tube voltage reaches 2.51 kv. for molybdenum 
12.1 kv. for tungsten. These minimum excitation potentials for 
various characteristic spectra of the different elements are tiibub 
in Appendix IV. 

If one represents the minimum excitation potential for a g 
radiation for a given element (for example, for the Iv radiation of ivkj 
denum) by Fo (20 kv. in this case), then there is an empiric;al relatit>n 
has been evolved experimentally, connecting the intensity of the c 
acteristic spectra and the tube voltage V. It is 

/ = C(F - Fo)- ( 

where C and n are constants. Various experimenters^ studying 

Characteristic x-ray spectra can be excited by bombarding sonic of tlu^ li, 
metals with protons or deuterons, but only at potentials of the order of a ni 
volts. See, for example, M. S. Livingston, F. Genevese, and E. J. Konopinski, . 
Rev., 61, 835 (1937); J. M. Cork, Phys. Rev., 69, 957 (1941). 

2 D. L. Webster and H. Clark, Proc. Natl. Acad. Sci., 3, 181 (1917); A. Jon 
Z. Physik.j 36, 426 (1926); S. K. Allison, Phys. Rev., 32, 1 (1928). 
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different spectral series of various elements have found values for n 
such as 1.5, 1.7, 1.8, and 2. It appears that 1.7 might be taken as a 
reasonably accurate value for n. Thus, for general purposes, one may 
use the approximate relation 


I = C{V - 


(4-3) 


to represent the variation of the intensity of characteristic spectra with 
voltage up to F = 4yo. At voltages above 4Fo, the intensity is usually 
found to be less than that predicted by (4-3). In contrast to the con- 
tinuous radiation, the characteristic radiation exhibits no polarization 
effects.^ 

2. Fundamental Theory of Characteristic X-ray Spectra. Chapter 3 
presented the evidence that the continuous radiation is generated by the 
cathode-ray electrons striking the target. Moseley’s law makes it 
obvious that the chai'acteristic x-ray radiation is generated by some 
process closely related to the chemical properties of the element com- 
posing the target, and hence to the structure of these atoms. Modern 
atomic theory accounts for characteristic x-ray spectra very satisfactorily. 
However, the exj^erimental evidence obtained from characteristic x-ray 
spectra and Moseley’s law played an essential role in formulating the 
theory that accounts for such a Avide variety of physical phenomena, 
including characteristic x-ray spectra. 

In 191 1, Rutherford- concluded from his studies on the scattering of 
alpha and beta particles (from radioactive sourcrc^s) by matter that the 
atom probably had a struct.ure (consisting of “a positive central charge 
Nc, surrounded by a compensating clnirge of N cdccctrons.” e is the 
electronic charge, which in 1911 was estimated to be 4.50 X e.s.u. 

In 1913, vuin den Rroek'‘ suggested that Rulhccrford’s N is the “atomic 
numbcci’,” that is, tlie number of the corresponding element in Mendel- 
yeccv’s periodic table (Appcuidix VII). 

In the same yccar, BoJir * ])T’oposcd that Ruthcirford’s atom be thought 
of as a “system consisting of a {positively cdiarged nucleus of very small 
dimensions and eh^ct.rons d(\sca’ibing closed orbits around it.” He then 
pointc'id out the “ inach^cpiacy of t.he classical electrodynamicis to account 
for tli(! pro|)erlies of atoms from such an at.om-model” because it would 
predict t.hat the I’adiat.ion of the revolving elec.trons would rapidly 
wast(i away their eiuu-gy (as discussed in S<u:. 3-5, page 38) and hence 
(!ause the orbits to collapse about the nucleus. 


.1. A. J^roc, Natl. Arad. Sri., 4, ,531) (1928); J*]. O. Wollmi, Proc. Natl. 

Arad. Sri., 4, 8()4 (1928). 

“ 10. H.vi(.li(M’for<l, Phil. Mat)., 21, (>(>9 (1911). 

=‘ A. v!ui (l<in liroch, Phi/aik. Z., 14, 32 (1913). 

N. Jiohr, Phil. Mag., 26, 1 (1913). 
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He made the observation that, 

. . . before and after the energy characteristic of a typical atomic syst< 
radiated, the system settles down in a stable state of equilibrium. Noa 
essential point in Planck’s theory of radiation is that the energy radiation 
an atomic system does not take place in the continuous way assumed i 
ordinary electrodynamics, but that it, on the contrary, takes place in disti 
separated emissions, the amount of energy radiated out from an atomic vih 
of frequency v in a single emission being equal to rhv where r is an entire (int< 
number, and A is a universal constant.^ 

Bohr then set down two postulates, which, together with the id 
electronic orbits around a central positive nucleus, form the bas 
modern atomic theory. The first postulate was that the orbits 
ordinarily' stable and no radiation is emitted in spite of the centri 
acceleration. The second was that, when energy is radiated, it o 
during a process in which one of the orbital electrons jumps fron 
stable orbit to another, simultaneously emitting monochromatic radi 
“for which the relation between the frequency and the amount of ei 
emitted is the one given by Planck’s theory.” That is, 

A\ — A 2 = hv 

where Ax and A% are the energies of the atomic system in the initia 
final stationary states. These various “energy levels” of the o: 
electrons are fundamental in modern atomic theory. 

At the time Bohr was formulating these fundamental ideas, Mof 
published his data revealing the relationship between characte 
x-ray spectra and atomic number. Kossel,® studying Moseley’s 
was the first to notice that the frequencies of the K^, !<«, and \ja 
for a wide variety of elements were related, to a very good degi 
accuracy, by the equation 


^Jbaf 

The similarity between the forms of equations (4-4) and (4-5) sugjj 
to Kossel that Bohr’s theory might account for the characteristic 
spectra if the orbital electrons were arranged in “rings,” one 01 
the other. J. J. Thomson^ and Bohr® had previously made sugge; 
along these same lines, but Kossel put them on a more quantitativ 
specific basis. The term “rings,” however, suggests that the elcci 

^ M. Planck, Ann. Fhysik, 31, 758 (1910). 

2H. G. J. Moseley, Phil. Mag., 26, 1024 (1913), 27, 703 (1914). 

® W. Kossel, Verhandl. deut. physik. Ges., 14, 953 (1914), 18, 339, and 396 ( 
Physik. Z., 18, 240 (1917); Z. Physik, 1, 119 (1920), 2, 470 (1920). 

^ J. J. Thomson, Phil. Mag., 23, 456 (1912) 

® N. Bohr, Phil. Mag., 26, 498 (1913). 
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orbits all lie in one plane, whereas later developments suggested that 
they do not; therefore, the modern term is electronic “shells,^’ rather 
than “rings." Kossel suggested that the K radiation resulted from the 
removal of an electron from the innermost ring (now known as the K 
shell), the Ka line being the radiation emitted when an electron falls 
from the next ring (now known as the L shell) to the first ring (K shell), 
and the K^s line being the radiation emitted by an electron falling from 
ring 3 (M shell) to ring 1 (K shell). He also suggested that the L radia- 
tion results from the remov^al of an electron from ring 2 (the L shell) 
and is emitted by electrons falling from rings 3, 4, etc. (the M, N, etc., 
shells) into the vacant space in ring 2 (the L shell). The designation 
of these rings or shells as K, L, M, etc., beginning with the innermost 
one, is due to Barkla,^ who independently arrived at ideas similar to 
Kossel’s. Thus Barkla’s K, L, M, N nomenclature proposed in 1911^ 
is used today to name the atomic electron shells between which occur 
the electronic transitions that generate the characteristic x-i-ay spectra. 
Note that the removal of an electron is the first step, so that the radiation 
process occurs in ions, not atoms. 

This theory of the origin of characteristic x-ray spectra has endured 
through all the years since 1915 and is accepted today as fundamentally 
correct, although a vast amount of detail has been added to this early 
framework. The reasons for its acceptance may now be set forth. 

1. It explained the existence of the minimum excitation potentials. 
The fact that none of the K lines a{)])ear for molybdenum below 20 kv. 
or for tungsten below 70 kv.'‘ is now accounted for because the “K 
electrons" in the innermost shell of the atom are firmly bound to the 
nucleus, the binding energy being such that tlic cathode rays striking 
the target atoms are unable to wrench one of these K electrons loose 
unless tliey have acquired a certain definite energy, that is, unless the 
x-ray tube voltage is at least a certain definite minimum value. Once 
this minimum excitation potential is reached, the cathode-ray electrons 
l)ombard the target atoms with an energy sufficient to enable a few of 
them, which happen to hit just right, to wrenc.li a K electron out of some 
of the atoms. Once this is done, electrons from the L, M, anti other 
outer shells, if [)resent, will fall intt) the vac:ant spatnss thus created in 
the K shells, and in so doing the Ka, 1^, and other Jv lines arc radiated, 
all as observed experimentally. 

' C. (J. Barklii, Nature, 96, 7 (1015). 

^Phil. Mag., 22, 31)0 (11)11). 

“Those niininiuin ox<!italion potentials had boon disoovon^d by the time Kossel 
propo.s(!(l his explanation. li.. Whiddington, Proc. Roy. Soc. (London) A, 86, 323 

(1911); R. T. Beatty, Proc. Roy. Soc. (London) A, 87, 511 (1912); W. H. Bragg, 
Phil. Mag., 29, 407 (1915). 



it 


52 Mrs Ilf PEiCTICE [Cf 

2, Tb Bohi-Kossel-Barkla electronic shell explanation accou 
for equation (4-5). Multiplying (4-5) by h, 

which now may be interpreted as meaning that the energy diffei 
between K and L electrons plus the energy difference between L an 
electrons equals the energy difference between K and M electrons, a< 
should expect. This added strong experimental support to the idi 
“energy levels” inherent in Bohr’s theory. Energy levels and em 
level diagrams now explain all atomic spectra, including x-ray, ii 
violet, visible, and infrared. This fundamental idea of spectrosi 
theory is called the “ combination principle.” It is commonly stati 

f 11 ill 1* • j 1 j J 1 j p 1 
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‘‘quantum number.” Hence, when an electron drops from one stable 
orbit to another, the energy represented by this transition is 


^1 — Aa = 


2'K^me^ 


a - i) 


(4-9) 


Since this energy is radiated in the form of a photon of energy 

E =■ hv = Ax — 

equation (4-9) may be divided by h to obtain v, 


2'jr^me‘^ 

______ 


4 r\) 


(4-10) 


The constant 2Tr^m.e'^/h^ has a value of about 33 X 10^^ per second. This 
formula was found to predict values for the frequencies of the atomic 


For example, if one sets ri = 2 and ra = 1, (4-10) gives 

V = f X 33 X 10^“ = 24.75 X 10^^ per second, 
c 3 X 10^^ 

and X == - = 24 ” 75 ~^‘^(yi 4 ~ 1,213 X cm. = 1,213 A., as compared 

with the strong line experimentally ob.served at 1,21() A. The substitu- 
tion of ri = 3 and t-> = 1 in (4-10) gives v = » X 33 X KT * or X = 1,025 
A., as compared with tiie expei-imentally observcul line at 1,026 A. 

liy 1915 the idea of cle(d.roni(? ring.s or shells was well established, 
and it was natural to suppo.se that the.sc (luantum numbers r of Bohr’s 
might be associated in some way with the shells. Of course, hydrogen, 
wit h only one eltM'tron, could hardly have K, L, and M shells in the .sen.se 
suggested l)y Ko.s.sel, but, a more complex atom like molybdenum might 
have electronic transitions fundamentally similar to tho.se worked out 
for hydrog(ui by Bohr if suitable^ modi(i(!ation were made to allow for the 
a<lded comj)l(‘xit,y. By 1915, Bohr' lia<l shown that his hydrogen for- 
mulas could be ma,d(^ to prt‘di<4- the atomic sjjec.tra of elements of low 
atomic wctight, like helium and lit.liium with reasonable accuracy by 
introducing tlu' factor Z“ wh(u*e Z is the atomic, number. By that time, 
it. had become cust,<nnai*y t.o r<‘pre.sent th(‘ (Quantum number by 7 i I’ather 
than r .so tluit,, for light (4(;ment-.s, Bohr’s formula becainc 


27r"///c 




M 

AI 771 . 


(4-11) 


The fa(d,or is a small (M>rrection factor that will be neglected 


^ N. Bohr, J*hiL Mag., 30, 8‘.» t (1<)1.'>). 



^on Eke molyMenum K„, kt the same tube (Eled mi\ fine lead 
^ will not. The reason is that practically all rays ordinarily used 
'^9<ction work will be absorbed by the lead, but this is not true of 
^um. A thinner sample should be used for absorbent materials 
than for comparatively transparent materials Eke aluminum, 
powdered material loaded into glass tubes, however, it is more 
^ient and practical to compensate for the absorption of the more 
materials by diluting them with some filer Eke cornstarch, so 
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in subsequent equations. M is the mass of the nucleus and m the mass 
of an electron. Since M is large compared with m, the factor very nearly 
equals 1. 

This equation can be extended to more complex atoms by reasoning 
as follows: In a complex atom like molybdenum, for example, containing 
42 orbital electrons, the electrons in the inner shells close to the nucleus 
(which has a positive charge of 42 electronic units) will not be bound 
by it 42 times as strongly as they are in hydrogen, but this attractive 
electrostatic binding to the nucleus will be reduced by the “screening” 
effect of the 30 or 40 electrons in the outer shells. The effect of the 
outer electrons is to cause the inner electrons to behave as though the 
nuclear charge were only, say, 39 t or 40i, or some such value. Hence 
the formula must be modified by substituting Z — <t for Z, where o- is a 
quantity called the “screening constant.” Thus one has 


V 




\n| n\/ 


(4-12) 


If one now assumes that n = 1 corresponds to electrons in the inner- 
most, or K, shell, and n — 2 corresponds to electrons in the next shell 
(the L shell), etc., then KosseFs suggestion that the K„ line is emitted by 
an electron falling from the L shell to a vacant space in the K shell indi- 
cates that, for the line, ni = 2 and n-z = 1, from which 


V 


27r^me^ 



(4-13) 


from which = K(Z — a), which is Moseley's law (4-1). Thiis the 
theory explains Moseley's law in a quantitative as well as a qualitative 
way. The value of K predicted by (4-13) is about 25 X 10 which 
agrees within about 1 per cent with the value of K experimentally dciter- 
mined for the line in Moseley’s empirical equation. Experiment 
indicates a value of o- for the line of about 1.13, which seems a reason- 
able value for the screening constant introduced into the theory. Simi- 
lar agreement between theory and the experimental frequencies of the 
lines results when one sets ni = 3 and = 1. Likewise, the L„ lines 
fit the theory when one sets ni = 3 and = 2. 

Although the theory thus far discussed was all developed before 10 Ki, 
it is still generally accepted as fundamentally correct to picture the K„ 
radiation as being generated in the x-ray tube when the cathode-ray 
electrons (the tube voltage being high enough) knock a K electron out of 
the target atoms, whereupon an L electron falls into the vacancy thus 
created in the K shell, simultaneously emitting an x-ray photon. like- 
wise the radiation is generated by an M electron falling into a K-shell 
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vacancy, and the L* radiation is generated by an M electron falling into 
an L-shell vacancy. 

3. Modem Developments. Modern atomic theory has advanced 
far beyond the fundamental groundwork outlined in the preceding sec- 
tion. One of the most far-reaching changes in scientific ideas of atomic 
structure and the mechanism of characteristic x-ray spectra has tran- 
spired because of new evidence which has shown that in many ways 
electrons behave, not as particles, as they were regarded in 1915, but as 
bundles of waves. Today it is known that cathode rays and electrons 
have dual wave-and-particle characteristics similar to those of photons 
and x-rays. 

This must not be taken as indicating that electrons and photons or 
cathode rays and x-rays are alike, however. To point out a few funda- 
mental differences, x-rays and photons always have a velocity c in free 
space, whereas electrons and cathode rays may have any speed less than 
c. Electrons are charged particles affected and deflected by electric and 
magnetic fields, whereas photons and x-rays are not so deflected. Elec- 
trons combine with other elementary particles such as neutrons and 
protons to make matter; but photons and radiation in general, including 
x-rays, are a form of energy, and energy is, of course, quite different 
from matter. 

The idea that some sort of wave motion is associated with moving 
particles, such as ele<d-rons, was originated by Louis de Broglie in 1924. 
In order to understand how he arrived at such an idea, one must be 
familiar with two of the fundamental equations of special relativity. 
These two ecpiations are indispensable, also, if one is to calculate such 
simple cpian titles as the mass or the energy of an electron or other particle 
moving at a velocuty high enough to be an appreciable fraction of the 
vt4oeity of light. The c.athode rays in an x-i'ay tube are an excellent 
instaiK^c of such particles. The two e(iuations were derived by Einstein^ 
in 1907 from the theoretical groundwork of the theoiy of special relativity 
that, he began in 1905. The equations are 



aiul H = imr (4-15) 

hkpiation (4-14) indic.ates that a body or particle having a mass mo 
wlien at rest (with respect to an observer) will have a mass rn, greater 
than mo, 'when the particle is moving with velocity v relative to the 
observer. This mass m is given by the equation, in which c is the velocity 
of light. The increase in mass is negligible for velocities as low as that 
1 A. Kinstein, Ann. Fhyftik, 23, 371 (U)07). 
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of a rifle bullet. For example, a rifle bullet that has a mass of 1 gram 
as it is loaded into the gun will have a mass of 1.0000000000055 g. as it 
leaves the gun if its muzzle velocity is 1,000 m./sec. However, the 
increase in mass is not negligible if one considers an electron having a 
velocity half that of light. Such an electron has a mass of 10.13 X 10~^® 
g. instead of the 9 X 10"^® g. given in the tables. 

The second equation (4-15) states that any body or particle having a 
mass m is equivalent to an amount of energy E given by the equation, 
where c is again the velocity of light. The direct transformation of 
matter into energy, and vice versa, has been achieved experimentally on a 
microscopic scale, as, for example, in the phenomenon of “pair forma- 
tion,” to be discussed in the next chapter. It is believed that a large- 
scale transformation of this sort is continually in progress in the sun and 
stars and that it is the source of the enormous energy radiated by them. 
The '^atomic bomb” developed in World War II converts only a small 
fraction of 1 per cent of its mass into energy when it explodes. Probably 
an ounce or so of matter is transformed into energy in the explosion; yet 
this is sufficient to destroy a city. For a discussion of the “fission” 
process which releases this energy, see Sec. 8-4. 

Returning to equation (4-15), E is in ergs, m in grams, and c in centi- 
meters per second. Hence 1 g. of matter is equivalent to 9 X 10-” ergs, 
or 3,000 hp. continuously for over 1 year. This equation may l)e brought 
closer home by showing that it is the general equation from which the 
familiar equation for kinetic energy 

Ek = (4-16) 

is derived as an approximation when v is small compared witli c. 

Substituting (4-14) in (4-15), one has 



E = rriQC^ [ - 2 = moc^ 

^ ^ '■V 

(4-17) 

Applying the binomial theorem of elementary algebra, 



(1 - X)- = 1 + «x + + Al?! + . . . 

(4-18) 

one has 

IP 2 / i 1 1 1 3 , \ 

JS = moc(^l + 2^ + 8-4+ '') 

(4-19) 

or 

E = moc^ 4- x + o ^0 ^ + • • • 

2 8 

(4-20) 


When r is small compared with c, the third and higher terms may be 
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dropped [this is more obvious in (4-19) than in (4-20), perhaps], lea'vin^ 

E = moc2 -f ^ ' 

Equation (4-21) indicates that, when a body or particle of mass nto i- 
at rest (v = 0), it is equivalent to an energy E = moc^. Wheii^ it »• 
given a velocity v, however, it has the additional energy that is t. u 

familiar kinetic energy Ek, or energy due to the motion at ordinal: 

speeds. . * fo 

One other consequence of relativity that should be kept m mm * 

reference later is the postulate that no material particle may 
velocity exceeding c, nor may any energy be transmitted (by waves, fo 

example) at a velocity exceeding c. . 

To return to the idea of the association of a wave with any mo via 
particle, originated by Louis de Broglie,^ in 1924, he noted that a movm 
body of “rest mass’' mo moving with regard to a given observer wit. 
velocity v less than c must contain an internal energy equal to 

Moreover, the quantum relation (E = hv or v = E/h) suggests the a,Htu-ii>ti<i 

of this internal energy to a periodical phenomenon whose frecpiency is v^^ =■ 


lHu* 




For tlie fixed observer, the whole eticrgy is — twid the eorrespoiK In 


frecpiency is 


1 

^ h 


_ 

j'-l 


(42 


Ix^t us suppose, that, at time 0, the moving body coincides in spacf! with 
wave whoso frequency r has the value given above, and which spreiuls^ w i 
velocity ('■‘•/v. This wave, however, cannot carry energy, according to hvinNti<ui 
ideas. We are then inclined to admit that any moving body may bo st<u*c)i 
panied by a wave and that it is impossible to disjoin motion of body an<l propag 

tion of wave. 

These waves suggested in a somewhat vague way by do I^r<>f5li<^ lui 
l)ec<)mc known as “de Broglie waves” or, as he called thorn, “ phn 
waves.” Since he assigned them a velocity of c^v (v being; tho vc‘l<><d 
of tlio associated parti(de) and a fretiucncy given by (4-22) , it is o:i,sy 
calculate the wave length of his phase waves from the equutioii of wm 
motion v' = rX [(3-1)] or X = y'/b m which one sets v' = eVr luul 

iL dc Broglie, Phil. Mag., 47 , 440 (1924); see also Ann. phys., 3, 22 (ll»2r>). 

2 A velocity rV« assigned to tho wave exceeds r. Hence the staioiiHUit that 
cannot, carry energy (see se(M)nd paragraph above). 
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as in (4-22), thus obtaining 


(4-23) 


(4-24) 

The idea of phase waves associated with a moving body or particle 
was suggested tentatively by de Broglie. He wrote somewhat apolo- 
getically, ‘'Many of these ideas may be criticized and perhaps reformed,” 
but he pointed out that “this idea gives a physical interpretation of 
Bohr^s analytical stability conditions.” This last point is the one which 
indicated that there might be some fundamental truth underlying the 
idea of phase waves. 

To make this point clear, let us return to Bohr^s expression (4-7) or 
(4-8) for the energy of a hydrogen atom when the orbital electron is in 
one of its “allowed” stable orbits. These allowed orbits, characterized 
by an arbitrary quantum number r and obviously related in an intimate 
way with Planck’s quantum relation E = hv, had never been explained 
in a way that had any obvious physical interpretation. These stable, 
allowed atomic states were called “quantized” states, and it was easy 
to show^ on the basis of classical physics that they might be explained 
by assuming a series of allowed circular orbits of radius r for the electron, 
related to the mass m and orbital velocity v of the electron by the equation 

rmv = T In fact, this relation was valid independently of the value 

of the nuclear charge and hence was valid for any “hydrogenlike” atom 
as long as the electronic orbits were assumed circular. Since the quan- 
tum number r was later commonly designated by n, this condition for 
stability of the electronic orbits becomes 


h 


\ = 




V rrioc^ 

or, substituting (4-14) in (4-23), 

X = 


= Jl /i _ h! 

mov \ c® 


h 

mv 


rmv 



(4-25) 


The quantity rmv represents the angular momentum of the electron in 
its allowed orbit, for angular momentum is defined as moment of inertia 
times angular velocity, 


or 


2 ^ 

mr^ - = mvr 
r 


(4-2(i) 


Hence (4-26) indicates that the angular momentum of the electrons in 
any simple hydrogenlike atom may take on only integral multiples of 
the value h/2Tr. This mathematical rule of the Bohr theory had no 
N. Bohr, Phil. Mag., 26, 1 (1913). 
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obvious physical interpretation; it was impossible to see why the angular 
momentum of the electrons might .be restricted to such values. 

If one now regards the orbital electron moving with linear momentum 
mv as associated with a de Broglie wave having a wave length given by 
(4-24), then (4-25) may be rearranged thus, 

^ o 
n — = 27rr 

mt) 

so that the condition for orbital stability becomes, by. (4-24), 

nX = 2xr (4-27) 

This equation has an obvious physical interpretation. It indicates 
that the quantized states or allowed orbits of simple hydrogenlike atoms 
are those in which the circumference of the orbit is an integral number of 
de Broglie wave lengths. If this idea represents some general atomic 
principle, then one might suppose that in more complex atoms the K 
shell (n = 1) contains electrons whose de Broglie wave length is equal 
to the circumference of their orbit ; the L shell {n = 2) contains electrons 
whose de Broglie wave length is half the circumference of their orbit, etc,. 

Such simplification of the atom in order to obtain a clearer mental 
picture is misleading, however, for even before de Broglie's proposal of 
phase waves, it was known that there were various subsidiary energy 
states for the L electrons (n = 2), M electrons (n = 3), etc., which 
involved a second quantum number, called the “’azimuthal quantum 
number" fc by Sommerfeld. Modern developments have shown, how- 
ever, that the angular momentum of the electrons is most closely associ- 
ated with a quantum number commonly designated by the letter I 
\vhi(jh is different from any of those used in the eaily Bohr theory, being 
ecpial to /c — 1 where k is the now obsolete quantum number mentioned 
al)ove. 

Nevertheless, as de Broglie pointed out, his phase waves ottered a 
possible physical inteipretation of Bohr’s analytical stability conditions. 
This alone was sufficient to raise his idea above the status of mere specula- 
titm. Three years later the physical reality of the phase waves was 
established beyond cjuestion by the experiments of Davisson and Germer/ 
who succeeded in ditTracting a l)eam of electrons by a crystal of nickel; the 
diffraction maxima had the exact positions to be expected for a wave 
length X = h/mn given by (4-24). Electron diffraction was also dis- 
covered by Thomson, working independently in England. The subject 
of electron diffraction will be discussed in Chap. 24. 

Meanwhile Schrodinger had begun a mathematical treatment of 

^ J. Davisson and D. H. tJIcrinor, J^hys. Rev., 30, 705 (1927). 

2 ix. P. Thomson, Proc. Roy. Soc. {Jborulon) A, 117, 600 (1927). 
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atomic structure in which the orbital electrons were regarded as de 
Broglie waves instead of particles. This analysis led him to the so-called 
‘‘Schrodinger wave equation,” which may be expressed in ordinary 
Cartesian coordinates as 




^ ^ 4 . 

dy^ 


^(_W-U)=0 


(4-28) 


in which m is the mass of the associated particle, W its total energy, and 
U its potential energy expressed as a function of its position, x, y, z, and 
is the amplitude of the de Broglie wave. By using this equation, which 
represents the electrons as waves, Schrodinger was able to calculate the 
quantized energy levels of atoms and arrive at values that agreed with 
experiment in greater detail than was possible in the case of the early 
Bohr theory. This new method of Schrodinger^ became known as 
“wave mechanics.” 

An approach to the problem of atomic mechanics from a different 
direction by Heisenberg^ in 1925 had been developed by the cooperation 
of Bom and Jordan^ into a mathematical method of calculating atomic 
energy levels that became known as “matrix mechanics.” This method 
and Schrodinger’s wave mechanics led to the same results, and both 
methods have since been developed into an entire new mathematical 
theory of the atom now known as “quantum mechanics.” 

So far as an understanding of characteristic x-ray spectra is con- 
cerned, quantum mechanics has developed three new features of special 
importance. (1) A complete calculation or explanation of the various 
allowed energy levels of an atom involves several new subsidiary quantum 
numbers in addition to the principal quantum number r or n appearing 
in the early Bohr theory. (2) It has been found that there is a simple 
rule which may be applied to the various quantum numbers which 
accounts for the way that K, L, and M shells build up as they do as one 
goes through the periodic table. This rule was first enunciated by Pauli-^ 
and is known as the “Pauli exclusion principle.” (3) It has been 
found that when atoms radiate (or absorb radiation) the orbital electi-ons 
are not permitted to jump from any allowed energy level to any other, 
but only from certain particular allowed levels to certain others. That is, 
certain transitions are “forbidden’^ by simple rules applied to the 
various quantum numbers. These rules are called the “selection 
rules. Some of the selection rules had been established from early 
quantum theory by applying the correspondence principle (page 39) . 

1 E. Schrodinger, Ann. Physik, 79, 361, 489, 734 (1926); Phys. Rev., 28, 1049 (1926). 

2 W. Heisenberg, Z. Physik, 33, 879 (1925). 

8 M. Born, W. Heisenberg, and P. Jordan, Z. Physik, 36, 557 (1926). 

« W. Pauli, Jr., Z. Physik, 31, 765 (1925). 
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1. Let us first consider the various quantum numbers appearing 
in the new quantum mechanics. An electron in an atom is character- 
ized by the “principal” quantum number n, already discussed in reference 
to the early Bohr theory. It appears in the principal mathematical 
factor for the binding energy of the electron in the atom. For electrons 
in the K shell, n = 1 ; for those in the L shell, n = 2, etc. Sommerfeld’s 
azimuthal quantum number k could have integi'al values from 1 to ti. 
Quantum mechanics has shown that this second number should logically 
have values from 0 to n — 1 rafiher than from 1 to n, and so k has been 
supplanted by Z, which equals k — 1, and I may have any integi’al value 
from 0 to n — 1 . The magnitude of the vector I representing the angular 
momentum of the electron in its orbit is related to Z by the equation 

= A Vi(Z + 1) (4-29) 

Quantum mechanics has shown that every electron has an inherent 
angular momentum of its own, presumably owing to the fact that it is 
spinning like a top about some axis passing through it.^ This “spin 
angular momentum ” vector 5 has a magnitude 

\s\ = ^ Vs(s"+T) (4-30) 

where s is the “spin quantum number.” s always equals i-. The 
orbital angular momentum I and the spin angular momentum 5 are 
both vectors, and (4-29) and (4-30) merely give their magnitudes. 
There is an interaction between these two vectors, as might be expected, 
since angular momentum of an electric charge is equivalent to magnetic 
moment. One vector processes about the other, and this is called the 
“inner precession” of the atom. The two momentum vectors (spin 
and orbital) are added vec.torially to obtain the vector J representing 
this inner precession whose magnitude is given by 

\J\ = 2* VKd~+~i) (4-31) 

whore j is the “inner” quantum number, j has the possible values 
Z — or Z 4- except that, wben Z = 0, then j cannot equal Z — 4, which 
would give it a negative value. 

2. 1 he next topic is the Bauli exclusion principle. This principle 
cannot be applied unless the directional degeneration of the atom is 
considered removed by some external directional agency, such as, for 
example, a magnetic field. The idea of a “distinguished direction” 

1 J. J. Thomson, Phil. Mag., 27, 1 (1939), has suggested that the frequency of this 
spin is given by (4-22), being 1.2 X lO^o per second for an electron at rest. 



62 


X-RAYS IN PRACTICE 


[Chap. 4 


in the atom introduces three more quantum numbers, m?, m<,, and m, 
which represent the allowed values of the projection of the vectors 
Z, s, and m on the distinguished direction (for example, on an impressed 
magnetic field vector H), mi may have any integral value from — Z to 
-HZ, including zero. may have only two possible values, — and -Hi- 
m may have any half integral value from —j to -\-j. These seven com- 
monly used quantum numbers are summarized in Table 4-2. 

Before proceeding to discuss the Pauli principle and its relation to 
the Mendelyeev periodic table, a word should be said about the addition 
of the orbital and spin angular momentum vectors I and 5 to obtain the 
inner precession vector j. These vectors not only interact with each 
other for a given electron, but there is an interaction between these 


Tabub 4-2. — Quantum Numbers 


Symbol 

Name 

Significance 

Allowed values 

n 

Principal or total 

Principal binding energy 

1, 2, 3, . . . etc. 

1 

Reduced azimuthal 

Orbital angular momentum 

0 and integral values up 
to n — 1 

s 

Spin 

Spin angular momentum 

i- 

3 

Inner 

Inner precession 

Z — or Z except that 

j may not be negative 

mi 

Magnetic azimuthal 

Projection of Z 

— Z, — Z + 1, • • • , -f-Z 


Magnetic spin 

Projection of 5 

— i or -b-i 

m 

Magnetic 

Projection oij 

~j, — y + 1, ■ • • , 4-./ 


vectors for different electrons in the same atom. There are two differ- 
ent ways in which the vectors may be added. In the first, the orbital 
momentum vectors Zi, Z2, etc., for the various electrons in the atom are 
added to give a combined orbital angular momentum vector L. Like- 
wise, the spin vectors Si, 52 , etc., for the various electrons are added to 
give a combined S. Then the vectors L and S are added to give a total 
inner momentum vector J for the atom, neglecting the nucleus. This 
type of coupling between the spin and orbital moments of different elec- 
trons in the atom is called “ Russell-Saunders ” coupling, and it is approxi- 
mated in the lighter atoms like helium and lithium. In tlie heavier 
elements like tungsten or uranium, the tendency is for the coupling to 
approach the so-called “jj type,’’ in which the h and Si vectors are added 
to obtain j\ for the first electron, and the h and 52 vectors are added to 
obtain jz for the second electron, etc., and then the various j vectors are 
added to obtain the total inner momentum vector J. In intermediate 
atoms, the coupling is of an intermediate type. 

In 1925, Pauli stated^ the principle now known as the Pauli exclusion 

1 W. Pauli, Jr., Z. Physik, 31, 765 (1925). 
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principle governing the electrons in an atom. He wrote, 

There can never be two or more equivalent electrons in the atom, for which, 
in a strong field, the values of all the quantum numbers n, Z, j, m (or what is the 
same thing, n, Z, wj, m„) agree. If an electron is present in the atom for which 
these quantum numbers (in an external field) have certain values, then this level 
is filled. 

The second set of numbers given by Pauli (n, Z, rrii, m*) is customarily 
used in applying his principle. 

This principle explains how the various electronic shells fill up as one 
progresses through the periodic table of the elements. The simplest 
element, hydrogen, has only one electron. It has the lowest possible 
principal quantum number (n = 1) and the lowest possible value of 
Z (Z == 0). Since Z is zero, mi is also zero. When the nuclear charge is 
increased from 1 to 2 and a second electron is added to form a helium 
atom, this second electron may also have n = 1, Z = 0, and mz = 0 
because can be varied. If the first electron had the second 

can have ms = — -j. When the third electron is added to make lithium, 
however, there ai-e no more possible values for m«. mz cannot be changed 
as long as Z remains zero, and Z cannot be changed so long as n remains 
1; hence n must be 2 for the third electron in lithium. That is, the K 
shell (n = 1) can contain only two electrons, and helium has a full and 
complete K shell. With lithium, the L shell is started. There can be 
only eight electrons in this shell, corresponding to the possibilities listed 
in Table 4-3. Therefore element of atomic number 10 (neon) has a full 
and complete L shell. With atomic number 11 (sodium), the M shell 
is started. Thus the shells build up as one progresses through the 
periodic table. 


TabijE 4-3.— Quantum Numbers oe the J5]iauT Euectuons in a Complete L Sueli, 


n 

L 

nil 

Vlfi 


2 

0 

0 

1 

2 

s electrons’" 

2 

0 

0 

1 

2 


2 

1 

—1 

1 

2 


2 

1 * 

-1 

1 

2 


2 

1 

0 

1 

2 

p electrons’'' 

2 

1 

0 

1 

2 


2 

1 

1 

1 

"2 


2 


1 

1 

2 



^ See Sec. 4. 


In general, there are 2n^ electrons in a complete shell where n is the 
principal quantum number. Thus the M shell (n = 3) will have 18 
electrons when it is full. This simple filling up of the allowed electronic 
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states is not without its irregularities, however. For example, when one 
reaches n = 3, 1 — 1 and all six possible values of nii have been used 
(this is the case for argon), one might expect that the next electron 
added would have n = 3 and 1 = 2. Instead^ it has n = A and Z = 0 
(potassium). That is, the N shell begins to fill up before the M shell 
is full. Likewise, the O shell begins to fill before the N shell is complete. 
The tendency for an inner shell hke the N shell to postpone filling up 
until the O and even the P shell is partly filled results in a series of ele- 
ments of successive atomic numbers having chemical properties all very 



Fig-. -4-2. — Atomic-energy-level diagram showing origin of characteristic x-ray siiccitra. 

{After Richtmyer and Kennard.) 


much alike, as in the case of the rare earths (lanthanum, 57, to lutec^iiim, 
71). This is true because the chemical properties of an element are 
largely determined by the outermost electrons. 

3. IVlodern quantum mechanics has evolved atomic energy-level 
diagrams much more detailed and complete than those which could be 
deduced from the early Bohr theory. Nevertheless, the essential fea- 
tures remain as they were in 1915. The radiation is still ascribed to 
electronic transitions between the L and K shells, the lines to transi- 
tions between the M and K shells, the lines to transitions between 
the M and L shells, etc. 

^ See Table VIII, Appendix. 


Log y/R 
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Figure 4-2 is a modern atomic-energy-level diagram^ based on qi 
turn mechanics. It is seen that the vertical distances in this diag 
are marked log v/R. The explanation of this follows from equa 
(4-12), where the frequency of an x-ray line is expressed as a di£fer< 
between two terms that might be called vi and V 2 , thus: 


27r^me* 

1 . 3*,2 


27r^?ne^ 

h^n\ 


(Z — <r)^ = vz — vi 


If both sides of this equation were multiplied by h, it would represent 
radiation as an energy difference 


hv = hv ‘2 — hvi 


(4 


in ergs. vi and vz do not represent real frequencies that can be measu 
Although X is the quantity measured in experimental work, theore 
physicists find it convenient to deal with the reciprocal of the v 
length, 1/X = v/c, called the ^'wave number” (number of waves 
centimeter), because v/c may be calculated easily by subtracting t< 
of the form 


(Z — o-)^ _ _ n (Z' — g)'-^ 

ch^ ril c nt. 


from each other. This is obvious from equation (4-32), so far as 
first form given is concerned. In the second form, Vx represents i 
^2 as used in (4-32) and (4-33). The constant / ch'^ thus a 

frequently and is commonly called the “Rydberg constant”'^ and d 
nated by R, as in the third form. Vx is to be thought of as a quan 
defined by (4-34), which has the dimensions of a frequency, but no ex 
mental reality as such. 

Thus energy levels expressed in terms of Vx/R are convenien 
calculation, and this is the reason for plotting them in this mai 
When they are so plotted, the subscript x is dropped, but one must 
in mind that the levels themselves do not represent frequencies, 
only the vertical arrows, connecting one level with another, which r 
sent an emission or absorption transition characterized by a frequ 
in the usual sense. 

Since the energy difference between Iv and L electrons is large 
pared with that between L and M electrons, this in turn being 
compared with that between ]VL and N electrons, it is necessary to i 
logarithmic scale to represent the various levels in the same diagrar 

Since all the various lines in the characteristic spectrum repn 
differences in energies, the absolute value of these energies is arbi 

^ From F. K. iliehtmyer and 111. H. Konnard, “Introduction to Modern Phj 
3d ed., McCJraw-Hill Hook CJompany, luc., FJow York, l‘,)42, 

2 See .Appendix I. 
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in the sense that 50 — 20 gives the same result as 150 — 120. The zero 
point chosen for the atomic energy levels in such a diagram as Fig. 4-2 
is arbitrarily taken as that of an atom in which the outermost, most 
loosely bound electron of the atom has been removed. The energy 
involved in doing this (called the “ionization potential”) is practically 
negligible compared with the energies represented in most x-ray energy- 
level diagrams; thus, it is ordinarily convenient to think of zero energy 
in x-ray energy-level diagrams as representing a normal atom. For 
example, the ionization potential of molybdenum is 7.35 volts, whereas 
the energy represented by the Lai hne is about 2,290 electron volts. 
Therefore, it alters the picture only slightly to regard this line as repre- 
senting a jump from about 2,780 to 490 electron volts (on the basis of 
zero energy representing a normal atom) instead of from 2,772.65 to 
482.65 electron volts in accordance with the usual convention. 

Energy is required to remove an electron from an atom, and this 
energy is recovered when the electron falls back in. It is this type of 
energy that is represented in Fig. 4-2. The zero of energy is represented 
by a horizontal line at or near the bottom of the diagram. The top hori- 
zontal line, marked K, represents the “K level,” and its ordinate (which 
is seen in the diagram to have a v/R logarithm of about 4 or a v/R value 
of about 10,000) is the logarithm of the energy (not in ergs) requiied to 
remove a K electron from the atom (that is, to remove an electron from 
the K shell to a point outside the atom) . Then the *Kai line is emitted 
by electrons falling from the level marked Lm in the diagram into the 
vacancy thus created in the K level. Thus the emission of the vai-ious 
spectral lines is represented in the diagram by upward-pointing arrows 
connecting lower levels with upper ones. The Ka, line of molybdenum, 
for example, having a wave length of 0.708 A. represents a photon energy 
of about 17,350 electron volts. The conversion of angstroms to ele(;tron 
volts or the reverse is accomplished by the relation E = hc/'K, which may 
be converted into the handy form 


Energy in electron volts 


12,400 

wave-length in angstrom units 


(4-35) 


Thd splitting of the L level into three sublevels, commonly called 
Li, Lii, and Lm, and of the M level into Mi, Mu, Mm, Miv, and Mv, etc., 
is shown in Fig. 4-2. The origin of the Li, Ln, Lm, Mi, Mu, etc., series 
(mentioned on page 48) is now clear from the diagram. It will be seen 
that the Li series of spectral lines originates from electronic transi- 
tions which have the Li level as their final state. Similar statements 
may be made regarding the relation of the Lu series to the Lu level, the 
Mi series to the Mi level, etc. 

^ See p. 27 regarding the convention of measuring energies in elect ron-volts. 
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The notation along the left margin of the diagram indicates that the 
splitting of the main levels into sublevels corresponds to the various 
values given for the quantum numbers I and j, already discussed, which 
are restricted to the allowed values listed in Table 4-2. The value of n, 
the principal quantum number, distinguishes between the various main 
shells, K, L, M, etc. It will be noticed that there is less difference 
between the Nvii level and the Oi level, for example, than there is between 
Ni and Niv, so that, for high values of n, its role is no longer so superior 
to that of I in determining the energy. 

The diagi*am also illustrates the “selection rules” that govern the 
characteristic x-ray spectra. These selection rules are 


A n 9^ 0 
Al = ±l 
Aj = ±1 or 0 


(4-36) 


These equations mean “the change in n cannot be zero” (that is, n must 
change), “Z must increase or decrease by 1,” and ‘*j must either remain 
unchanged or else increase or decrease by 1.” Exceptions to these rules 
are found, but such forbidden lines are rare; they are also weak compai*ed 
with ordinary prominent allowed lines conforming to the selection rules. 

The diagram in Eig. 4-2 is obviously representative of some fairly 
heavy element like one of the rare earths. Simpler atoms, like iron, for 
example, have a diagram in which no levels beyond Ni appear. For 
carbon, only the K, Li, and Lu levels arc filled; for uranium, the diagram 
should show P and Q levels.^ 

The notation K„.,, K^„ K^,, L„„ etc., used to designate the more 

important characteristic x-ray lines is by now (luite familiar. However, 
the complete notation including sul)s(;rii)ts such as ai, 0:2, / 3 i, /82, 183, Tx, 
72 , V , etc., used to designate all the lines has been built up somewhat 
arbitrarily, and consequently there is considerable variation among 
writers in the designatixm of some of the less prominent lines, such as 
A much more certain way to designate such a line is to use such 
notation as Lu — Nvi, which indicates that the line is the one resulting 
from an electronic transition from the Nvi to the Lu level. However, 
the more prominent lines such as IVa,, La,, Lq^^, etc., aie 

universally recognized unambiguously by all workers in x-rays. 

Something has already been said regarding the intensities of char- 
acteristic spectra on pages 48 and 49, where the empirical equation 
(4-3), which governs the various scries, was set forth. It should also 
be mentioned that simple rules have been found to govern the approxi- 
mate relative intensities of some of the more important lines such as 


^ Appendix, Table VIII. 
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K«i, K«„ Kp„ L«„ L„„ etc. In 1924 Burger and Dorgelo^ deduced 
such rules, now commonly called the “sum rules. In the case of lines 
that terminate on a single undivided level, like the K level in Fig. 4-2, 
the sum rules indicate that the relative intensities of lines such as Ka, 
and K «3 which form a “narrow doublet" (that is, of which the frequencies 
are close together) are given simply by the relative “weights" of the 
initial states Lm and Ln, respectively. The weight of a level is 

Weight = 2i H- 1 (4-37) 

where j is the inner quantum number of the level. Thus the weights 
of the Liii and Ln levels, for which i = f and i, respectively, are 4 and 2, 
so that the K«i line should be twice as intense as the line. Experi- 
mentally, this has been found to be true. Likewise, is about twice 
as intense as K^,. In cases where both the initial and final levels from 
which a line originates are multiple, as in the case of the L and M levels 
from which the Lai a,nd La^ lines originate, then the application of the 
sum rules becomes more complex; an explanation of it here is too lengthy 
to be warranted- However, for the Lai aiiid La^ lines just mentioned, the 
rules predict that the former will be nine times as intense as the latter, 
which agrees with experimental observation. There are several known 
cases, however, in which the sum rules predict relative line intensities 
not in agreement with experiment. 

In addition to the ordinary spectral lines thus far desciibed as com- 
posing the characteristic x-ray spectra, there are found faint subsidiary 
lines called x-ray “satellites." These faint lines are found close to the 
more intense “diagram" lines shown in Fig. 4-2. They are generated 
by electronic transitions between the quantized energy levels of doubly 
ionized atoms or, in rare cases, triply ionized atoms. Ordinary x-ray 
lines shown in Fig. 4-2 are due to transitions between the various levels 
of a singly ionized atom, as stated on page 51. The lines are due 
to a transition of the type K — L, and one of the satellites of these lines 
might be KL — LL, where KL indicates one electron missing from the 
K shell and one from the L shell and LL indicates two electrons missing 
from the L shell. The energy of the KL — LL transition is slightly 
greater than the ordinary K — L transition, and hence the satellites 
are of slightly shorter wave length than the parent line. The character, 
occurrence, and number of these satellites depend upon the atomic num- 
ber of the target element. For a discussion and bibliography on x-ray 
satellites, the reader is referred to an article by Hirsh. 

Many details of the theory of characteristic x-ray spectra have not 
been mentioned because space will not permit. Some of the rudiments 

^ H. C. Burger and H. B. Dorgelo, Z. Physik, 23, 258 (1924). 

® F. R. Hirsh, Jr., Rev. Modern Phys., 14, 45 (1942). 
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of quantum mechanics have been discussed because they are essential 
to an understanding of the energy-level diagram in Fig. 4-2. Once this 
diagram is fully understood, one will have sufficient knowledge of char- 
acteristic x-ray spectra to engage in most types of industrial x-ray work. 
The excitation potentials discussed on pages 46, 48, and 51 are repre- 
sented in the diagram by the ordinates of the levels on which a group 
of upward-pointing arrows terminate. Thus it may be seen why the 
Liu series is excited at a slightly lower voltage than the Lr series, for 
example. The diagram also explains absorption edges, which will be 
discussed in the next chapter. 

4. Relation to Optical Spectra. Optical spectra are represented by 
energy-level diagrams very similar to Fig. 4-2. As stated on page 66, 
the zero of energy in these diagrams is usually the ionization potential, 
which is 5.12 volts for sodium and 10.38 volts for mercury, as typical 
examples. Most optical spectra involve energies less than the ionization 
potential; and if it is to be taken as the zero energy line at the top of the 
diagram instead of the bottom, the energies increase downward instead 
of upward, and emission is represented by arrows pointing downward. 
Atomic optical spectra are generated by electronic transitions between 
the allowed energy levels of the outermost electrons of the atom, as 
contrasted to the inner levels involved in x-ray spectra. 

The optical notation using an alphabet of the form s, p, d, /, g, h, etc., 
to represent the values 0, 1, 2, 3, etc., of the reduced azimuthal quantum 
number I is frequently borrowed in discussing the electronic structures 
of the atomic (K, L, M, etc.) shells. The electronic structure of the K 
shell is thus abbreviated as Is’^ in the case of hydrogen, for example, the 1 
indicating that n = 1 (K shell), the s indicating that / = 0, and the 
superscript 1 indicating that t)nly one electron is present in this level. 
Thus the helium configuration is Is^, lithium ls‘^2s‘, and potassium 
ls^2s'^2p®3s®3p®4sb etc. (see Table 4-3). This last example indicates 
that for potassium there are two electrons in the Is (K) level, two in the 
2s (Li) level, six in the 2p (La and Lia) level, two in the 3s (Mi) level, 
six in the 3p (Mu and Mm) level, and one in the 4s (Nt) level (see Fig. 
4-2 and Appendix VIII). 

Notation such as Lni — Mv to represent x-ray lines follows a con- 
vention similar to optic^al notation of the type — 3^Py representing 
an optical line. In both cases, the notation of the final level is given 
first, followed by that of the initial kivel. 

QUESTIONS AND PROBLEMS 

1. The Ka,^ line of one element has a wave length of 0.190 A.; the K «2 line of a 
seconil element has a wave length of 0.196 A. Which of the two has the higher 
atomic number? 
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2. The L«i line of praseodymium (59) has a wave length of 2.458 A. ; the Laj line 

of neodymium (60) has a wave length of 2.365 A. ; the Laj line of samarium (62) has a 
wave length of 2.195 A.; the L«i line of europium (63) has a wave length of 2.116 A. 
Even though element 61 (illinium) is very rare, its Lai lii^® 'will have what wave length, 
within A.? Ans. 2.28 A. 

3 . A molybdenum tube is operating at 5 ma. and 30 kv. At a point 1 m. from 
the target, the Kai line has an intensity I. "What will be the approximate intensity 
of the Kaa line at this point? If the voltage is raised to 40 kv., what will be the 
intensity of the Kai line at this point, the current still being 5 ma. ? If the tube cur- 
rent is now increased to 10 ma., what will be the intensity of the Kai line at this point? 

Ans. 3i/; 6|7. 

4 . From Fig. 4-2, which series has the higher excitation potential, the Mi or the 
Mrv? Which line will have a longer wave length, Li — Mu or Li — Mm? 

6. A beam of 50-kv. cathode rays will have associated with it de Broglie waves 
having a wave length of how many angstrom units? Ans. 0.055 A. 

6. "What is the Pauli exclusion principle? What sort of rules are the selection 
rules? The sum rules? What is the combination principle (sometimes called the 
“Ritz” combination principle)? 

7. "Using equation (4-35), calculate the energy in electron volts contained in a 
photon of molybdenum K/s radiation (wave length 0.63 A.). Your answer will be 
less than the K excitation potential of molybdenum (20 kv.). The difference between 
this 20-kv. figure and your answer represents what? 
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1. Introductory Discussion. The general law governing the absorp- 
tion of radiation as it passes through matter was first formulated in 1729 
by Bouguer and rediscovered later in the eighteenth century by J. H. 
Lambert. In optics, it is commonly called Lambert^s law of absorption 
(not to be confused with Lambert’s cosine law, page 19). The same 
law is as valid for x-rays as it is in optics. 

A 




Fig. 5-1. — Absorption in a 
thin layer. 


'Thickness 
-Ax 

Fio. 5-2. — Absorption in a 
thick layer. 

The basic principle from which the law is doiivcd is that the fraction 
of the radiation absorbed in passing through a thin layer of matter is 
proportional to the thickness of the layer and a factor called the “absorp- 
tion coefficient,” which depends upon the nature of the abs(jrbing matter 
and the wave length of the radiation. .P]xpressed mathematically, 
where Jo is the intensity of the radiation incident upon a thin layer AB 
(Fig. 5-1) of the absorbing medium and I is the intensity of the radiation 
that passes through, one has 


/(, - I AI 

= ™ = — fXi /^x 

J-Q -to 


(5-1) 


Ax being the thickness of the layer and the linear al)sorption coefficient 
for the particular material and wave length concerned. The negative 
sign arises because Al is a mathematical symbol for the “increase” in 
intensity I of the radiation as it passes through the layer. Since the 
intensity decreases, Al is negative. Theoretically, (5-1) holds accurately 
only when Aa: becomes infinitesimal; it therefore becomes 


dl 


— —fxidx 


(5-2) 
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since in this limiting case lo may be replaced by I in the denominator. 
To apply this to a practical case, where the absorber will have a finite 
thickness x (Fig. 5-2), one integrates (5-2), obtaining 

log I — —fiix 4- C (5-3) 


To evaluate the constant of integration C, one notes that, when a: = 0, 
C = log lo because in this case I = Iq. Hence, 


log I — 



— JJLlX 


(5-4) 


These are natural logarithms; hence, (5-4) indicates that 

I = (5-5) 

This is Lambert’s law. 

If the beam of radiation has a cross section of 1 cm.^, it is seen from 
(5-1) that /jLi represents the fraction of the energy absorbed per cubic 
centimeter of the absorber traversed. Practically, one is more often 
interested in the absorption per gram or pound of the absorber than 
in the absorption per cubic centimeter or cubic inch. Plence, that 
absorption coefficient most commonly measured and used in x-ray work 
is fii/p, where p is the density of the absorbing material. This quantity 
is called the '‘mass absorption coefficient” p (Appendix V). 



Lambert’s law, as applied to x-rays, is usually written 

I = (5-7) 

A striking characteristic of the absorption of x-rays is that it is 
independent of the physical or chemical state of the absorbing inatt;rial. 
Thus a beam of x-rays passing from the ceiling to the floor of a (diamher 
filled with hydrogen and oxygen may be 10 per cent absorl:>ed, oi- 90 per 
cent of it will reach the floor. If a spark explodes the hydrogen ami 
oxygen, filling the chamber with steam, 90 per cent of the x-rays will 
still reach the floor. Then, if the chamber is chilled so that the steam 
condenses into a thin layer of water or ice on the floor, 90 per cent of the 
x-rays will still reach the floor. This is not true for light or ultraviolet 
or infrared radiation, and it explains why the mass absorption c'.oefficient 
of x-rays is commonly used, whereas the linear absorption coefficient 
fjii is ordinarily used in optics. 

All that has been said about absorption thus far is true only if “ mono- 
chromatic” x-rays (rays of one wave length) are used. The rays from 
an x-ray tube are not monochromatic, of course. When such hetero- 
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geneous rays strike an object, the soft rays will be absorbed much more 
strongly than the hard rays because the absorption coefficient in general 
increases with the wave length. 

The variation of the absorption coefficient with the wave length is 
not represented by a continuous function, however. The discovery 
that the absorption curve as a func- 


tion of wave length contains dis- 
continuities known as “absorption 
edges” was made by M. de Broglie^ 
in 1916. Figure 5-3 is a typical 
curve showing the manner in which 
the mass absorption coefficient of 
lead varies with the wave length of 
the x-rays. Such curves are ob- 
tained with the aid of an x-ray 
spectrometer, which will be de- 
scribed in a later chapter. In this 
instrument, the wave length is se- 
lected and varied by diffraction with 
a crystal, and the intensity is meas- 
ured with an ionization chamber. 

Examination of Fig. 5-3 shows 
that, beginning at short wave 
lengths around 0.1 A., the absorp- 
tion of the lead increases with wave 
length quite rapidly until the 
wave length 0.138 is reached. At this point, the absorption coef- 
ficient drops suddenly to a much lower value and then begins to 
increase again. This discontinuity at 0.138 A. is called the “K 
absorption edge.” The explanation of the discontinuity is quite 
simple. Wave lengths below 0.138 A. are associated with x-ray photons 

that have sufficient energy (b = a. = ft to eject electrons from the 
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A in A. 

Mass absorption coefficient of 
lead as a function of the wave length. 
(F. K, Richtmyer.) 


Fig, 5-3.- 


K shell of the lead atoms. In the energy-level diagram of Fig. 4-2, 
they have energy exceeding that represented by the highest line, the K 
level. Consequently, many of these x-ray photons while passing through 
the lead proceed to eject electrons photoelectrically from the K shell 
of the lead atoms. Such photons simply vanish and consequently 
fail to emerge on the far side of the lead. Hence the absorption coeffi- 
cient for such rays (say, those having a wave length of 0.130 A.) is much 
higher than the coefficient for rays having a wave length just above 
that of the K edge (say, those having X = 0.145 A.). The latter rayt- 
1 M. de Broglie, J. -phys., 6, 161, 227 (1916); CompL rend., 163, 87, 352 (1916). 
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consist of photons whose energy is slightly less than that required to 
eject the K electrons from the lead atoms; and, being unable to expend 
themselves in this manner, they pass on and emerge on the far side 
of the lead. 

At this point it is worth digressing briefly to mention a peculiarity 
of x-ray photography that is due to the phenomenon of the K absorption 
edge. When x-ray spectra are recorded photographically, it is often 
found that the fiilm after development exhibits two lines of demarcation 


Lit P * 



Direct Beam JE series J.g edge Br edge L series 

Fia. 5-4. — Spectrum of the continuous and characteristic x-radiation from tungsten, show- 
ing effect of K edges of silver and bromine in the photographic emulsion. (M. de Broglie.) 


which appear to divide a less sensitive portion of the film (where the 
photographic image is faint) from a more sensitive portion (where the 
photographic image is stronger) . This may be seen in Fig. 5-4 obtained 
by M. de Broglie. These lines occur at the points in the spectrum where 
the wave lengths equal the K absorption limit of silver (0.485 A.) and 
the K limit of bromine (0.918 A.). The photographic emulsion consists 
chiefly of silver bromide, and the x-rays on the short-wave-length side 
of each of these K edges are absorbed more strongly by it (and hence 
cause more blackening) than those on the long-wave-length side. This 
is a good illustration of the fact that the absorption of x-rays by any 
substance is determined only by the chemical elements it contains, not 
by their state of chemical combination. 

To return to Fig. 5-3 and the discussion of the absorption edges’ 
of a typical material such as lead, one notes that, as X increases beyond 
the K edge, the absorption coefficient rises rapidly and continuously until 
three more absorption edges, called the “L edges,” Li, Lu, and Ijm, arc 
reached at 0.780, 0.813, and 0.950 A., respectively. The energy-level 
diagram of Fig. 4-2 makes it clear why three L edges should be expected, 
and these L discontinuities in the absorption curve may be explained in a 
manner analogous to that in which the K edge was explained. That is, 
x-rays with longer wave length than one of the L edges are associated 
with photons of energy insufficient to eject electrons photoelectrically 
from the corresponding L level, while rays of shorter wave length (photons 
of higher energy) have enough energy to expend themselves in this 
manner, and they do so. Experimental investigation in the long-wave- 

1 The wave lengths of the K edges are tabulated in Appendix VI. 
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length region reveals five M edges for the heavy elements whose atoms 
are complex enough to have the M levels filled. Thus the number of 
absorption edges observed is in exact accord with atomic theory and the 
Pauli principle. 

The probability that an x-ray photon encountering an atom will 
photoelectrically eject any particular electron in that atom increases 
very rapidly with the tightness of 
binding of the electron. If the 
photon has energy exceeding hvK 
(the energy required to eject an 
electron from the K shell), it is 
probable that it will eject one of 
the K electrons or else pass by the 
atom without exercising any pho- 
toelectric action at all. If the 
photon has energy less than hvK 
but exceeding hvj,, it is probable 
that it will eject one of the L elec- 
trons, if it ejects any at all. For 
a detailed quantum-mechanical 
treatment of photoelectric x-ray 
absorption, the reader is referred 
to an article by Hall.^ 

If an absorption curve like that in Fig. 5-3 is plotted on a graph in 
which the abscissas are X* instead of X, the (;urve bec.omes very nearly a 
straight line, except at the absorption edges, as shown in Fig. 5-5.^ 
The K-edge discontinuity occurs at BC. On each side of this, the gi‘aph 
consists of straight lines AB and CD, which appear to have a common 
intercept on the /x axis. The mathematical ecjuation for such a straight 
line is 

y — mx -f- h (5-8) 

where rn is the slope and }> is the y intercept. Applying this ecpiation to 
Fig. 5-5, 

/X = (7,X» + o- (5-9) 

for the ])ortion AB and 

IX = CaX=' A- a- (5-10) 

for the portion CD. The term cr is commonly called the “ mass scattering 
1 H. Hall, Row. Modarn Phys., 8, 358 (1936). 

“Figures 5-3 and 5-5 are taken from papers by F. K. Richtmyer. See, for exam/ 
pie, Phys. Rev., 18, 13 (1921), 27, 1 (1925). H'hc latter article contains several ploti 
like Fig. 5-5 for Mo, Ag, Sn, W, and Au, as well as Pb. There is some doubt aboii 
the exact value of the exponent; W. Wrede, for example, Ann. Physik, 36, 681 (1939) 
deduces 3.2. 



Fto. 5-5. — -Mass absorption coefficient of 
lead as a funistioii of the cvil>o of the wave 
leuKtli. (From Richlmyer and Kennard.') 
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coef&cient/’ and equations (5-9) and (5-10) may be interpreted as 
indicating that the observed absorption fx oi a, beam of x-rays passing 
through an absorber is caused primarily by the “photoelectric^’ or 
“fluorescent” or “true” absorption CX®, but partly by the “modified” 
and “unmodified” scattering o- of the x-rays as they pass through the 
absorber. 

All these new terms require some elaboration. Suppose a narrow 
beam of parallel x-rays having intensity Iq strikes perpendicularly upon 
the surface of a metal plate. An ionization chamber placed behind the 
plate in a position to catch the beam after it has passed through the 
plate will measure the intensity 1 of the beam as it emerges. Suppose, 
further, that this “primary” beam is monochromatic, consisting entirely 
of rays of the single wave length Xo, or of photons all having the same 

energy h If the rays are hard [say, Xo = 0.1 A., so that the photons 

have an energy of 124,000 electron volts, from equation (4-35)] and the 
plate is thin (for example, lead foil 0.005 in. thick), most of the primary 
rays (photons) will pass completely through it, being neither absorbed 
nor scattered. A few of the photons will expend their energy, how- 
ever, in photoelectrically ejecting electrons from the K shell of some 
of the lead atoms. These photons disappear and are said to be “truly” 
absorbed. It is these which account for the CX* term (often represented 
by the symbol r) in equations (5-9) and (5-10). Since only 87,600 
electron volts is required to eject K electrons from lead, such electrons, if 
ejected by 124,000-electron-volt photons, will have a kinetic energy of 
36,400 electron volts Avhen they leave the atom. Such high-speed 
electrons are sometimes called “secondary beta rays” or “beta particles” 
by analogy with the high-speed electrons emanating from I’adioactive 
material. Perhaps 1 per cent of these electrons, striking other lead 
atoms, will generate a continuous x-ray radiation, just as in an x-ray 
tube with a lead target operating at 36.4 kv., but, just as in the tube, 
99 per cent or so of these photoelectrons will dissipate their energy by 
ionizing a large number of atoms, the energy being converted to heat 
eventually. A very few of them may also eject Ij electrons from lead 
atoms. The comparatively large number of vacancies created in the IC 
shells by the primary 124, 000-elect ron-volt photons will be filled by 
electrons from the outer shells falling in, so that the characteristic x-ray 
spectrum of lead will be excited. One may suppose that each K vacancy 
will eventually be filled i and hence that the characteristic radiation thus 
generated should be roughly a hundred times as intense as the continuous 
radiation just mentioned. These newly generated x-rays are called 
seondary x-rays or “fluorescence x-radiation.” It may now be 

^ See Sec. 2 regarding this point. 
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seen why this absorption process just described is called ‘^fluorescent^' 
or “photoelectric” absorption. It is also called “true” absorption to 
distinguish it from the scattering process, which will be described next. 

In addition to the fraction of the primary x-rays that are truly 
absorbed, as just described, some of the primary rays will emerge from 
the sheet of lead foil traveling in directions different from the one they 
had when they entered. Hence they will not enter the ionization cham- 
ber, and this will make it appear as though they, too, were absorbed. 
This “scattering” of the primary x-rays is represented by the term a 
in equations (5-9) and (5-10). The scattered x-rays that emerge from 
the lead are found to consist partly of rays having the same wave length 
(0.1 A.) as the primary beam and partly of rays having a wave length 
somewhat greater than this. The former type are called the “unmodi- 
fied” rays and are said to have been scattered “coherently,” whereas the 
latter type are called the “modified” rays and are said to have been 
scattered “incoherently.” This incoherent scattering is often called 
“Compton scattering” because A. H. Compton was the first to measure 
it accurately and work out the theory of its cause. It is the coherently 
scattered rays that play the leading role in the phenomena of x-ray 
diffraction, by means of which scientists have been able to learn so much 
about the arrangement of atoms in solids, the arrangement of atoms in 
molecules, and even the distribution of the electrons in the atoms. X-ray 
diffraction also yields much information about the size and orientation 
of the “grains” in metals and other solids and about strains that may 
be present. Discussion of these matters will be reserved for later 
chapters. 

Both the unmodified and modified scattering are represented by the 
term <r in cciuations (5-9) and (5-10). The form of these equations 
suggests that a is independent of the wave length, but this is not the case. 
The scattering o- incireases with wave length, but not as rapidly as the true 
absorption t, or CX't The ciucstion of the variation of <r with X and the 
atomic numl)cr Z of the scattcrer was investigated from the standpoint 
of classical physics by Thomson,^ who dediuaxi the relation 


Stthc'* 


(5-1 i; 


whei-e n is the number of electrons iku* cubic centimeter of the scattering 
material, p is its density, c. and m are (ilcsctronic. cliarge (in e.s.u.) anc 
mass, and c is the velocity of light. One notes that n/p in this expressior 
represents the number of electrons per gram of the scatterer. The equa- 

^ Sec, for example, J. J. Thomson and O. P. Thomson, “Conduction of Elec 
tricity throush Oases,” 3d cd., vol. 2, p. 258, C’andiridgc ITnivcrsity Press, London 
1933. 
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tion indicates that <x should be proportional to this and that there should 
be no dependence upon the wave length of the x-rays. 

Actually, this is found to be true experimentally if the scattering 
material is a very light element like lithium or beryllium and if the wave 
length of the incident x-rays is 0.2 A. or more. If the incident x-rays 
are harder than this, most of the scattering is incoherent (see Sec. 4) 
and there is a considerable difference between the wave length of the 
incident and the scattered x-rays. Under these conditions, cr is less 
for all scattering materials than that predicted by (5-11), becoming much 
less as X decreases further below 0.2 A. There is a modern wave-mechan- 
ical formula that fits this case very well [see equation (5-36)]. 

In case the scattering material is an element heavier than beryllium, 
such as carbon, oxygen, aluminum, and up to about Z — 20 (calcium), 
cr is nearly proportional to Z\, when X > 0.1 A., and <r has the value 
predicted by (5-11) only when X = about 0.2 A. 

For heavy scattering elements like iron, copper, tin, tungsten, gold, 
and lead, cr is proportional to Z'^X” when X > 0.2 A., where 1 < m < 2 
and 1 < n < 3, and cr has the value predicted by (5-11) only when 
X = about 0.2 A. 

The increase of cr with X and Z above 0.2 A. for medium and heavy 
scatterers is supposedly due to the fact that the distance between clecitrons 
becomes small compared with the x-ray wave length under these con- 
ditions, resulting in constructive interference.^ 

The intensity of the scattered rays also varies with the angle <i> 
between their lines of travel and that of the primaries (small values of 
4> indicating rays scattered forward with the primaries). Thomson's 
classical theory indicates that the intensity of the scattered i-ay should 
vary proportionally to 1 + cos^ 4>, the relation being^ 

I Zp'^ 

where la is the intensity of the rays scattered per atom, of atomic numbei- 
Z, at distance r (in centimeters), Iq being the intensity of the primary 
rays. In the case of heavy atoms like lead, gold, etc., in which some of 
the electrons are close together compared with the wave length of the 
x-rays, Z in this equation should be replaced by Z^. Equation (5-11) 
for cr is obtained by integrating (5-12) over a sphere, including all values 
of <^. Experiment shows that, for rays of wave length greater than 0.2 A., 
the 1 -h cos^ <j) relation is approximately true, unless </> is small (say, 
less than 30°). For these small angles, there is again constructive 
interference, so that the observed intensity exceeds the predicted. For 
hard rays (X < 0.2 A.) the observed intensity of the scattered rays is less 
1 See pp. 332-333. 
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at all angles than that predicted by (5-12). In this case, the Klein- 
Nishina formula [see equation (5-37)] must be used. 

Both the true absorption r, or CX^, and the scattering cr [equations 
(5-9) and (5-10)] increase with the atomic number Z of the absorber- 
scatterer. Bragg and Pierce’^ first suggested that the absorption t varied 
as the fourth power of Z, and Richtmyer and Warburton^ confirmed this 
experimentally, although some workers have found other exponents 
for Z ranging from 2.95 to 4.3. To incorporate this factor in equations 
(5-9) and (5-10), they should be appropriately modified. These equa- 
tions give the value of the mass absorption coefficient ji in terms of the 
true absorption r, or CX^, and the mass scattering coefficient tr. On the 
other hand, workers in this field commonly give their results in terms of 
‘'atomic absorption coefficients^^ fXa and atomic scattering coefficients 
(Ta because the constants C are supposedly the same for all elements 
when so expressed. If the absorption or scattering per gram is /x or or, 
the absorption or scattering per atom will be given by dividing these 
quantities by the number of atoms per gram, or Nq/A where No is 
Avogadro’s number and A is the atomic weight of the absorber. Thus, if 


fiA ^ CA (j A 

^ No “ "" Nl Wo 

equations (5-9) and (5-10) become 

= Ca,Z^\^ + <ra(Z,X) 
and Ha — CaiZ^\^ 

Equation (5-14) applies to the (uise X < Xk and (5-15) to the case 


(5-13) 

( 5 - 14 ) 

(5-15) 


Xk -< X <C Xi,. 


Here Ca, has a value around 2-^ X 10“‘-^® and Ca^ a value around 10"^'^ 
when X is expressed in angstrom units.* The symbol (Ta(Z,\) indicates 
that (Ta is a function of Z and X, as already discussed. 

In addition to true absorption and scattering, there is a third process 
by which x-rays dissipate their energy in traversing matter, provided 
that the I'ays are generated at potentials of about 1 million volts or more. 
Such extremely hard x-rays and gamma rays produce a phenomenon 
within an absorber known as “pair formation.” This process was dis- 
(“lovered by Anderson and Neddermeyer'^ shortly after Anderson dis- 
covered‘s the existence of positive electrons, which he called “positrons.” 


1 W. H. Bragg and S. E. Pierce, PhiL Mag., 28, 626 (1914). 

^ F. K. Richtmyer and F. W. Warburton, Phys. Rev., 22, 539 (1923). 

^ For the case X < Xk, see recent articles by W. Wredc, Ann. J. Physik, 36, 681 
(1939), and J. A. Victoroen, J. Applied Phys., 14, 95 (1943). 

< C. i:). Anderson and S. H. Neddermeyer, Phys. Rev., 43, 1034 (1033). 

6 C. D. Anderson, Science, 76, 238 (1932); Phy.^. Rev., 43, 491 (1933). 
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Positrons were discovered when cloud-chamber photographs revealed 
that they are occasionally created by cosmic rays passing through 
matter. Anderson and Neddermeyer then found that positrons may also 
be created by gamma rays or x-rays generated at potentials above 1 mil- 
lion volts, as they pass through matter. 

It is now believed that each positron thus created appears simul- 
taneously with an ordinary negative electron. The present view is that, 
in order to create such a ‘‘pair,” a very energetic photon must interact 
with the extremely strong electrostatic field present in the immediate 
vicinity of an atomic nucleus, the photon vanishing under these circum- 
stances and its energy hv appearing in the form of an electron of mass m 
and a positron of equal mass m, both of them usually having a high 
velocity (kinetic energy). According to Einstein’s equation (4-15), these 
two electrons (positive and negative) having a rest mass of mo each or 
2mo combined might be created from energy E equal to 2moc2 ; therefore, a 
photon would have to have at least this much energy to create them. 
Upon setting 

hv = 2moC^ = Ve (5-16) 

and solving for V, the result is 1.02 X 10® volts, and the experimental 
observation that this process occurs only for rays generated above 
1 million volts is thus checked. When the energy is li million electron 
volts, for example, the surplus million electron volts appears as kinetic 
energy of the positron and electron. 

The electron dissipates its energy by ionizing atoms in its path in the 
usual way. The positron does likewise, but it is such a short-lived 
particle that it has only about a 90 per cent chance of continuing to 
exist until it stops moving. It vanishes or is “annihilated” either while 
it is still tearing through the absorber on its rapid flight or Avithin a 
millionth of a second after it stops at the end of this flight. After it 
stops (that is, slows down to mere thermal velocity), it will combine with 
any electron close to it, and the two will vanish simultaneously, generating 
two new photons with energy hvi + hv^ equal to the 2mc^ energy to 
which the annihilated particles were equivalent. If the positron is 
annihilated in flight, sometimes only one photon is generated, but even 
in flight the generation of two photons is more common. 

The pair-formation process does not dissipate enough x-ray energy 
to become relatively important in the measurement of x-ray absorption 
until extremely high voltages are attained. At 5 million volts it be<‘,omes 
as important as the scattering in lead; in fact, it increases so rapidly 
that x-rays having energy greater than 5 million volts are actually 
inferior to 3-million-volt x-rays in their power to penetrate lead.^ In 

1 This fact, predicted by theory, was experimentally verified by G. D. Adams and 
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carbon this does not occur until the potential reaches 25 or 30 million 
volts. 

On the other hand, scattering dissipates more x-ray energy than is 
absorbed (by true photoelectric means) in lead only when the potential 
exceeds 500 kv. In carbon, scattering dissipates more energy than that 
which is truly absorbed when the tube voltage at which the primaries are 
generated exceeds about 25 kv. 

Thus the relative importance of the three phenomena (true absorption, 
scattering, and pair formation) in dissipating the energy of an x-ray 
beam passing through an absorber depends upon the atomic number of 
the absorbing material and the hardness of the primary rays. 

In closing this general discussion, it should be emphasized that the 
secondary x-ray radiation generated within the absorber itself is very 
feeble compared with the primary, for three reasons. (1) Only a small 
part of the energy of the absorbed primaries is reradiated in the form of 
x-rays. (2) The secondaries spread in all directions, so that their 
intensity in any one direction is small. (3) Those secondaries generated 
deep within the absorber will themselves be absorbed. 

2. The Auger Effect. In 1925, P. Auger^ was experimenting with 
hard x-rays passing through a 95 per cent hydrogen-5 per cent argon 
mixture in a Wilson cloud chamber. He observed short cloud tracks 
originating at the same points as many of the long tracks due to the 
photoelectrons. This led him to conclude that the K« photon generated 
when an L electron drops into a K-shell vacancy frequently acts photo- 
electrically on another (L or M, probably) electron in the same atom, 
ejecting it. These electrons ejected with comparatively low energy 
are called ‘'Auger electrons,” and the phenomenon is called the 
“Auger effect.” The Auger electrons cause the short tracks observed 
by Auger in his cloud chamber. Elements of low atomic number 
display the Auger effect much more prominently than those of high 
atomic number. 

The Auger electrons and the photoelectrons dissipate their energy by 
ionizing several hundred atoms that they encounter before coming to 
rest. These ions arc formed by merely knocking the outermost electrons 
from the atoms. Photoclectrons ejected from atoms on or near the 
surfac^e of the absorbing plate often escape from the metal. Such “beta 
particles” constitut.e a secondary radiation distinct from the secondary 
x-ray radiation.- 


It. K. Chirk, using Kerst's 20-miIlion-volt betatron (sec p. 150); see A. It. Wildhagen, 
Sri. American^ 168, 207 (1943). 

1 P. Auger, Cornpt. rend., 180, 65 (1025); J. phys., 6, 205 (1925). 

* For information about the energy spectrum of such secondaries, see H. Itobinson, 
Proc, Roy. Soc. {London) A, 104, 55 (1923); Phil. Mag., 60, 241 (1925). 
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3. The Structure of the Absorption Edges. In Seo. 1, the absorption 
edges were represented as in Fig. 5-3, indicating that they were sharp 
mathematical discontinuities in the absorption curve. Actually, if the 
absorption is measured in the immediate vicinity of an edge, a spectrom- 
eter with high resolving power being used, the edge is found to be not 
mathematically sharp. Furthermore, the absorption curve immediately 
on the short-wave-length side of the edge exhibits a few maxima and 
minima, as in Fig. 5-6 obtained from a copper absorber by Beeman 
and Friedman,^ and this irregularity is called the “structure” associated 



1.372 1.374 1.376 1.378 1,380 


\ in A. 

Fig, 6-6, — The structure of the K 
edge of copper. (^Beeman and Friedman; 
courteay of Physical Review,) 


with the absorption edge. 

These peaks occur at a wave length 
corresponding to a photon energy just 
slightly greater than that required to 
remove an electron from the K shell. 
Hence, when such a photon is ab- 
sorbed, the ejected K electron does 
not come tearing out of the atom with 
some 20 or 30 kv. of energy but barely 
is able to emerge, and that is all. In 
such a case, the photoelectron is com- 
parable to the ordinary “free” elec- 
trons or “conduction” electrons in the 
metal. Just as in the case of the free 


electrons, then, there are a few definite energy bands into which it must fit 
itself. If the x-ray photon that encounters the atom has exactly enough 
energy to push a K electron out with just the right energy to fit into these 
allowed bands, it is more likely to be absorbed than if it has a little 
more or a little less energy so that its absorption would release the K 
electron with an energy not fitting into these allowed bands. This is the 
explanation of the small peaks seen in Fig. 5-6. 

The idea that the free electrons in a metal must have energies which 
permit them to fit into certain allowed energy-level bands has evolved 
as a result of the theoretical work of several investigators. Fii-st, Pauli‘S 
accounted for some of the paramagnetic properties of the alkalies l)y a 
quantum-mechanical treatment based on the assumption that the free 
electrons move unrestrained through the metal and obey the Fermi 
statistics. Then Sommerfeld^ developed the theory of metals more 
completely on the basis of the Fermi statistics and succeeded in account- 
ing for many of the thermal and electrical properties of metals. Later, 


1 W. W. Beeman and H. Friedman, Phys. Rev., 66, 392 (1939). 

® W. Pauli, Z. Physik, 41, 81 (1927). 

3 A. Sommerfeld, W. V. Houston, and C. Eckart, Z. Physik, 47, I, 33, 38, 43 
(1928). 
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Bloch ^ made the assumption that the free electrons do not move simply 
as free particles within the metal but are constrained in a force field 
which has the same periodicity as the atomic lattice structure of the 
metal crystals (see page 536). He showed that this led to the conclu- 
sion, from quantum-mechanical calculations, that the free electrons 
must be limited in allowed energies to certain bands. These band energies 
have been specifically calculated in the case of some of the common 
metals,^ and Beeman and Friedman® have shown that the observed 
structure of the K edge of several metals may be explained satisfactorily 
on this basis. 

4. Modified and Unmodified Scattering and the Compton Effect. 

Sections 2 and 3 have dealt with certain details of the true absorption 
of x-rays. A few details remain to be considered regarding the scattering 
of x-rays, which is a phenomenon closely associated with absorption, so 
far as its experimental manifestations are concerned, as mentioned in 
Sec. 1. 


The first thorough investigation and measurement of the wave lengths 
of x-rays scattered from light elements, using an x-ray spectrometer, 
was made by A. H. Compton in 1922-1923. Light elements were 
investigated because earlier workers'^ had found not only that secondary 
x-rays were radiated from the heavy elements, as explained on page 76, 
but that some unexplained radiation of c*.onsiderable hardness, not very 
inferior to that of the primaries, was also radiated from light elements 
traversed by an intense primary beam. Fairly hard secondaries from 
the heavy elements were explained by the theory that the primaries 
merely excited the characteristic K radiation of the heavy material, as 
outlined in Sec. 1. However, the characteristic K radiation from an 
element like carbon is so soft that it would be almost entirely absorbed 
by even 1 in. of air. Therefore, the above-mentiemed fairly hard rays 
from the light elements were not understood in 1922. The unmodified 
scattered rays were accounted for by the classical theories of scattering. 
These unexplained rays were definitely softer than the primaries, and 
yet they wei-e far too hard to be true characteiistic secondaries. It is 
now known that these rays are scattered rays of a diffei'ent type called 
“modified” or “incoherently scattered rays” resulting from a process 
known as “Compton scattering.’ 


n 


1 F. Blocli, Z. Physik, 62, f).').') (1<)28). 

^ 11. dc L. Kroiiig and W. CJ. I'onney, Proc. Roy. Soc. (Lorulon) A, 130, 409 (1931); 
H. Krutter, Phys. Rev., 48, 6G4 (1935); J. C. Slater, Phys. Rev., 49, 637 (1936). 

3 W. W. Beoman and H. Friedman, Phys. Rev., 66, 392 (1939). 

4 A. H. Compton, Phys. Rev., 21, 715, 22, 409 (1923). 

® See, for example, C. A. Sadler and P. Mesham, Phil. Mag., 24, 138 (1912); 
.1, Laub, Ann. Physik, 46, 785 (1915); J. A. Gray, J. Franklin Inst., 190, 633 (1920); 
A. H. Compton, Phys. Rev., 18, 96 (1921); J, A. Crowther, Phil. Mag., 42, 719 (1921). 
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Compton observed that more than half the scattered rays, in the case 
of carbon, were of the modified type, the rest having a wave length 
identical with that of the primaries. His most significant discovery, 
however, was that the wave length X of the modified rays increases 
(gets farther away from the wave length Xo of the primaries) as the angle 



Fig- 5-7. — Showing relative intensities of coherent and incoherent scattering from 
various materials for silver K radiation. (.After Woo, Comj>to7i, and Allison; courtesy of 
D. Van Nostrand Company, Inc,) 

^ between the primary beam and the scattered beam increases, the i-ela- 
tionship being 

X _ Xo = A (1 _ cos <^>) = 0.02427(1 - cos <f>) (5-17) 

the latter expression holding when X — Xo is in angstrom units, the former 
when it is in centimeters, h is Planck’s constant, m the mass of an 
electron, and c the velocity of light. This phenomenon is known as the 
Compton effect,” and its significance lies in the fact that the wave length 
of the modified rays increases with angle in a way which can be explained 
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most simply by the quantum theory.^ Therefore its discovery was 
important evidence in favor of the quantum theory and the quantum 
nature of x-rays, as well as a basis for the explanation of incoherent 
x-ray scattering. 

Figure 5-7 shows a series of curves obtained 
by Woo^ at a scattering angle (<^>) of 120°. 

Note the increasing prominence of Compton 
scattering, compared with the coherent scat- 
tering, as the atomic number decreases. The 
relative prominence of the modified and un- 
modified scattering also depends upon the wave 
length of the primary radiation, as will be ex- 
plained on page 88. Figure 5-8 (by Comp- 
ton)'^ shows the change of wave length of the 
modified line in the spectrum of the scattered 
rays as compared with the unmodified line for 
increasing scattering angles when carbon 
(graphite) is the scattering element. 

Kquation (5-17) for the wave length X of 
the incoherently scattered rays was first de- 
rived by (Xjinpton. The derivatitm resembles 
the (^ahudatious fo)’ the collision of two srnool li 
elastic balls of dilTerent mass. According to 
this analogy, one ball is a i)rimary x-ray pho- 
ton, whi(di collides with the other stationary 
ball, which is an electron in the scattering 
material. 

d\) return to Finstein’s e<iuation (4-15) 
relating mass to energy, it may be written 


m = 


E 

*> 


(5-18) 



incoherent acattoring of ino- 
lybdoriuiu K radiation from 
graphite at various angles. 
{(Compton; courtesy of Physical 
Review.) 


ME is regai-ckid as repr<^s<‘nting the <mergy hv 
of a photon, t.lu'n (5- 1 8) giviis its miuss m. Its 
velocity in fr(‘e space is r, of course. Hence, its momentum p (== mass 
X v(4ocity) is 

E E hv h 


On page 5(> [e(iuations (4-l(>) to (1-21)1, it was pointed out that the 

' t'or t s<m' ( '. V. llnnian, Indian J. Phys., 3, 357 

(1!)28). 

also Y. II. Woo, Pror. NnU. Amd. Sri., 11, 123 (11)25). 

=' A. M. (Compton, /y», 7 .s. Rrv., 22, 100 (1023). 
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ordinary expression for kinetic energy is only an approximation for 

the true expression mc^ — where m = _ . [equation (4-14)]. 


4'-i 


When a particle having a rest mass m© is moving with a velocity v com- 
parable with c, its kinetic energy is c\m — mo) and its momentum is mv 
where m is given by (4-14), 

Referring now to Fig. 5-9, a primary x-ray photon enters from the left 
with energy hvo and momentum h/'So where vo and Xo are the frequency 



Fig- 5-9. — Illustrating the theory of Compton scattering. 


and wave length of the primary x-ray beam. It strikes an electron at 
rest^ at P and bounces off in the direction PS, making an angle 4> with 
the direction of the primary x-ray beam. This impact causes the elccd-ron 
to recoil in the direction PR, making an angle \l/ with the direction of the 
primary x-ray beam. If the frequency and wave length of the scattered 
x-rays in the direction PS are v and X, then the energy and moinentuni 
of the photon after the collision are hv and h/\. The electron, recoiling 
with velocity v, has energy c^(m — mo) and momentum mv. 

According to the principle of conservation of energy one has 

hvQ = hv c^{m — mo) (5-20) 

^ Although the thermal velocities of the electrons in matter at ordinary tcnip(‘ra- 
tures greatly exceed that of a rifle bullet, they are still so low as to be ncgligil)le com- 
pared with the velocities involved in this calculation. The theory has boon worked 
out for the case in which the electronic motion is not neglected by Jaunc,cy, DuMond, 
and others [see, for example, J. W. M. DuMond, Rev. Modern Phys., 6, 1 (11)33)]. 
When this is considered, it leads to the conclusion that the spectrum of scattered 
monochromatic radiation in any given direction is not a monochromatic, sharp line 
but a broad, “fuzzy” line whose width increases with 4>, as observed. The agreement 
between this theory and experiment reveals important information regarding th<‘. 
motion of the electrons in the atoms as suggested by the Bohr theory. 
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The principle of conservation of momentum indicates that in the 
horizontal direction in Fig. 5-9 

h Ji 

r- = r- cos <p + mV COS \f/ (5-21) 

Ao A 

and in the vertical direction 

0 = ~ sin <f> + 'mv sin \f/ (5-22) 


These three equations, containing the four unknowns X, v, <f>, and 
enable one to eliminate v and 4/ and solve for X in terms of the scattering 
angle <f>, as is desired. This may be done by introducing the new variables 


X = 


h 


h) 


and 


y 


_h 

mcXo 


hvo 


(5-23) 


mcX mc^ “ mcAo mc^ 

and rearranging the equations. Equations (5-20) to (5-22) then become 



mo 

y — X — 1 

m 


(5-24) 

y ■ 

v> 

— X cos <p = - cos \l/ 
c 


(5-25) 

and 

r sin <j(> = — - sin 

4' 

(5-20) 

Scpiaring these, 





— 2.r;// = 1 -h 

( _ 2 — 

\ m / m 

(5-27) 

.r2 cos^ -f- ://" 

— 2.vy c.os 4> — 

s^ lA 

(5-28) 

.r- sin- <l) 

— ^ sin- 4/ 

(5-29) 

Adding (5-28) and (5-29), 





“H y~ — 2xy <u).s <f> — 

,,2 

(5-30) 

Subtracting (5-27) from t.l 

lis, 



237/(1 — cos 

0) = 2 

rn \ m / 

- (' - ::) 

(5-31) 

From (4-14), 

1 _ 

r- \w/ 


(5-32) 


so that (5-31) becomes 
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(5-34) 
(5-35) 

(5-17) 

Schrodinger^ has derived this same equation by applying modern 
wave mechanics. Note that it indicates that x-rays scattered incoher- 
ently at right angles to the primary beam { 4 > — 90°) will always have a 
wave length 0.02427 A. greater than that of the primaries, regardless 
of the nature of the scattering material or the hardness of the primaries. 

The accurate agreement of equation (5-17) with the observed wave 
lengths of the x-rays scattered at various angles 4 > indicates that the 
scattering of x-rays is a process in which the photons may be imagined as 
literally bouncing off of the electrons in the scattering material. Absorp- 
tion, on the other hand, is a process in which the photon encounters an 
electron (preferably one of the inner orbital electrons) and instantly 
vanishes, the electron acquiring its energy hv. Experiments indicate^ 
that the photon has no preference among the electrons so far as scattering 
is concerned; it is just as likely to bounce off a K electron as a valence 
electron or a free electron, except for the fact that one type of electron 
may be more numerous than the other in the scattering material. 

This theory accounts for the difference between coherent and incoher- 
ent scattering, as follows: If the photon bounces off a fii'inly bound 
electron, like the inner electrons of a heavy atom like lead, the recoil of 
the electron is not vigorous enough to shake it loose from the atom and 
it is unable to acquire kinetic energy from the photon. Hence the 
photon emerges with the same energy hv (and hence the same wave 
length) as it had originally, and the scattering is coherent. If the 
x-ray photon bounces off a free electron or a valence electron or even a K 
electron of a light element like lithium or magnesium, the elec^tron, being 
very loosely bound, recoils, as suggested in the derivation of formula 
(5-17), and the scattering is incoherent. This accounts for the fact 
that gamma rays (which have such high energy photons that they will 
shake loose even a firmly bound electron when they bounc.c; from it) are 
scattered almost entirely incoherently,^ whereas ordinary light (which 
has such low energy photons that they cannot dislodge even a valence 
electron) is scattered coherently. 

^ E. Schrodinger, Ann. Physik, 82, 257 (1927). 

® F. Kirchner, Ann. Physik., 83, 969 (1927). 

® A. H. Compton, Phil. Mag., 41, 760 (1921). 
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The intensity of the x-rays scattered from free electrons (hence for 
modified scattering) is given by an equation derived by Klein and 
Nishina/ using modern quantum mechanics. It is therefore commonly 
called the “ Klein-Nishina formula.” In the case of very hard x-rays 
and gamma rays, the scattering is practically all incoherent, and the 
formula is therefore widely used for calculating the scattering of such 
rays. It is 


f 1 Q 2(1 -j- Q) 

~~ m^c^p ( _ 1 + 


- ^log. (1 + 2Q)j 

+ 7 ^. log. (1 + 2Q) 


1 -h 3Q 
(1 4- 2Qy 



This equation corresponds to Thomson's classical equation (5-11) and 
yields approximately the same value of <r when Q is small. 

Equation (5-11) was obtained by integrating the relation (5-12). In 
a similar way, (5-36) is obtained by integrating the relation 

la _ Ze^ 1 + c os=^ <t> ["i Q" vers^ 0 1 

Jo “ 2rWc^ (1 + Q vers <i>yi (1 + cos^ <^)(1 + Q vers <i>) J 


which is the Klein-Nishina directional formula corresponding to Thom- 
son’s classical relation (5-12). In these equations, 7o is the intensity 
of the primary beam, la the beam scattered incoherently per atom at an 
angle <t> with the primary beam, and Q — hulmc^ where v is the frequency 
(^f the primary ray and m the mass of an electron at rest. The expression 
vers <i> means 1 — cos <f>. Z, n, and p have the same meanings as in 
(5-11) and (5-12). 

Equation (5-36) reduces to a simpler relation when Q is large, cor- 
responding to very hard rays (4 million volts or more). For this case, 


<T == 


irne^ 

mH^p 




loge 2Q + 


0 


(5-38) 


and this relation indicates that, for very hard rays, <r is nearly proportional 
t,<) the wave length. All these Klein-Nishina relationships are in close 
agreement with experiment. 

From equations (5-20) to (5-22) the following equation for the direc- 
tion of recoil of the electrons involved in inelastic scattering may be 

derived, , 

cot \f/ — — (1 -f- 5) tan i<l> (5-39) 

and the kinetic energy of such “recoil electrons” may be shown to be 

2 hcd cos^ 


^ Xo (1 + 5)2 - 52 cos2 
^ O. Kloin and Y. Niishina, Z, Physik, 52, 853 (1929). 


(5-40) 
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where, in both equations, ^ and are the angles indicated in Fig. 5-9 
and 8 = h/mcKQ, Xo being the wave length of the primary raya and m 
the rest mass of an electron. Consideration of Fig. 6-9 will make it 
clear that ^ must be less than 90°, so that the recoil electrons must have 
a forward direction. In all such equations, standard units are used, so 
that one must remember to convert angstrom units to centimeters, etc., 
to get the answer in ergs. 

The recoil electrons from Compton scattering may be observed if the 
scattering medium is a gas in a cloud chamber. Figure 5-10 is a photo- 
graph obtained^ by C. T. R. Wilson, inventor of the cloud chamber. 
The chamber contained air at a pressure of 50 cm. of mercury, after the 
expansion, traversed by a 3-mm. beam of hard x-rays entering at the right 
in the figure. The recoil electron tracks may be distinguished from the 
photoelectron tracks, for the former are much shorter. They may be 
distinguished from Auger electron tracks, for these, although short, 
always originate at the same point as a long photoelectron track. The 
recoil tracks frequently look like a comma, with the tail pointing toward 
the x-ray tube; they are sometimes called “fish tracks,” a name sug- 
gested by Wilson. It is seen that the long photoelectron tracks usually 
end in a white dot due to the greatly increased ionizing power of the 
photoelectron when it slows down to a comparatively slow speed just 
before stopping. The recoil electrons do not have much more speed 
than this to start with, and so they make only a short track, which is the 
tail of the comma, before ending in a ball of intense ionization, which is 
the head of the comma. 

6. Polarization Effects. It has already been mentioned in Chap. 3, 
(page 42) that the continuous radiation from an x-ray tube is partly 
polarized. Barkla^ first demonstrated experimentally in 1906 that 
x-rays scattered at right angles to the primary beam by a light material 
like carbon are highly polarized with their electric vector (x-rays being 
thought of as waves, for a change) perpendicular to the plane determined 
by the primary and scattered ray. More modern experiments by 
Compton and Hagenow® indicate that when ^ A. rays are scattered by 
infinitesimally thin sheets of light material like paper, aluminum, or 
sulfur, the polarization is 100 per cent complete. 

Barkla's experiments, on the other hand, indicated that the secondary 
rays from a heavy absorber like a thick iron plate are not polarized at all. 
In the light of modern knowledge, it is known that such rays are not 
scattered rays but fluorescent characteristic iron rays generated in the 

^ C. T. R. Wilson, Proc. Roy. Soc. {London), 104, 1 (1923). 

2 C. G. Barkla, Proc. Roy. Soc. {London) A, 77, 247 (1906). 

3 A. H. Compton and C. F. Hagenow, J. Optical Soc. A m. arul Rev. Sci. I nsLrunienifi, 
8 , 487 (1924). 
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tracks made by the Auger electrons, which always originate at the starting poin 
shaped tracks made by the recoil electrons. {Courtesy of The Royal Society,) 
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iron, wHch indeed Barkla assumed, in 1906. This indicates that such 
rays are entirely unpolarized, although it has been found^ that if the 
primary rays are themselves polarized they tend to eject the photo- 
electrons in the absorber in a direction lying in or near the plane of 
polarization of the primaries. Even in this case, the fluorescent second- 
aries are not found to be, or expected to be, polarized. It has also been 
found^ that polarized primary rays scattered in a gas tend to produce 
recoil electrons which have a direction lying in or near to a plane contain- 
ing the ray but perpendicular to the plane of polarization. 



Fig- 5-11. — Apparatus for measurement of the degree of polarization of scattered x-rays, 
{Compton and Hagenow; courtesy of American Institute of Physics.) 

Figure 5-11 shows the experimental arrangement used by C -ompton 
and Hagenow, who found that the ionization produced in chamber 
was small compared with that in Ii. This is explained by classical 
scattering theory by pointing out that the primary beam XRi consists 
of electromagnetic vibrations in a plane perpendicular to XRi which set 
the electrons in JSi into forced vibrations in this plane. Only those 
electrons which happen to vibrate horizontally (parallel to R'Ji) in Ri 
are able to radiate a new wave in the direction RtR^. Hence the scat- 
tered secondary ray R 1 R 2 will be polarized in the plane RiR‘ 2 l- 2 - It in 
turn will set up vibrations of the electrons in R 2 in the direction R^I^i. 
These will be unable to radiate a scattered tertiary ray in this direction 
(E 2 / 2 ) because electromagnetic vibrations are transverse, but they will 
radiate a tertiary ray in the direction R^Ji. The parts marked /S in the 
figure are x-ray screens, probably made of sheet lead. 

It is not clear how polarization is to be explained when the rays are 
regarded as consisting of photons. One may imagine the photons as 

^ See, for example, P, Kirkpatrick, Phys. Rev., 38, 1938 (1931). 

®r. Kirchner, Phys. Z., 27, 385, 799 (1926); Ann. Physik, 81, 113 (1926) 
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elastic disks, the plane of the disk always containing its line of motion. 
Then, in Fig. 6-11, such disks bouncing off spherical electrons in iEi 
would bounce in the direction RiR^ only if they were horizontal before- 
hand; the others would bounce in other directions. After bouncing from 
Ri, the photon disks would lie in the plane R 1 R 2 I 2 as they traveled along 
R\R^. Upon reaching R 2 , they would be unable to bounce in the direc- 
tion Rilz but would bounce in the direction RJ[ j, at the same time produc- 
ing recoil electrons in R^. Most of these would obviously have a motion 
in the plane RxR^Ix, as observed by Kirchner. On the other hand, such 
a disk type of photon might act photoelectrically upon an electron that 
it encountered, imparting its hv energy to the electron in such a way 
that the electron would move off in a line lying in or near the plane of the 
disk, as observed by Kirkpatrick. Although the structure of photons 
is a matter of mere speculation at present, there is an advantage in 
regarding them as disks in the present case because it helps one to fix in 
mind the relationships between the directions of the various scattered 
rays and the corresponding planes of polarization and also the pre- 
dominating directions of the recoil and photoelectrons. Modern quan- 
tum mechanics is able to arrive at equations which indicate that x-rays 
scattered coherently from bound electrons should be polarized just as 
predicted by classical theory. 

To summarize, scattered x-rays, both coherent and incoherent, are 
polarized; fluorescent secondaries are not. 

6. Dual Nature of Both Matter and Radiation. For a discussion of 
the manner in which modern cpiantum mechanics harmonizes the diver- 
gent wave-versus-particle aspects of matter and radiation into a unified 
theory, the reader is referred to articles by Darrow^ and by Margenau 
and Wightman. 

It may be well to summarize here the four fundamental equations 
that link the particle aspect to the wave aspect, legardless of whether 
one is discussing electrons (a constituent of matter) or photons (a con- 
stituent of radiation, which is a form of energy). They are 


E = hv \ 

h / 

= mcM 
p = mv I 


( 6 - 41 ) 


c seems to be the fundamental item with photons; they always 
have velocity c in empty space, but their mass varies with their energy, 

* K. K. Darrow, Rev. Modern Phys., 6, 23 (1934); H. Margenau and A. Wightman, 
Am. J. Phys., 12 , 119 (1944). 
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frequency, and wave length. Both the photon and its associated electro- 
magnetic wave move with the same velocity c. The photon is uncharged. 

e and mo seem to be the fundamental items with electrons; they 
always have mass mo at rest, but their velocity varies with their energy, 
frequency, and wave length. The phase wave associated with the 
electron has a velocity cV?; inversely proportional to the electron’s 
velocity v. The electron has a charge e. 

QUESTIONS AND PROBLEMS 

1. Explain the existence of absorption edges. Why are there three L edges but 
only one K edge? What is meant by pair formation? For pair formation to occur, 
the tube generating the x-rays must be operated at at least what voltage? Why? 

2. What is the Auger effect? Does it increase or decrease the fluorescent 
secondary x-radiation? Is it more pronounced in heavy absorbers or light ones? 

3 . What is meant by the structure of an absorption edge? In what way is it 
connected with the allowed electronic energy-level bands in a metal? Should you 
expect the absorption edges of a nonmetal, like arsenic, to show more or less struc- 
ture than those of a metal, like copper? 

4 . Compared with coherent scattering, is Compton scattering more prominent 
in light materials or heavy ones? Why? Compared with coherent scattering, is 
Compton scattering more prominent for hard x-rays or soft ones? Why? Dis- 
tinguish between the “absorption” of x-rays and the “true absorption” of x-rays. 

6. What is a recoil electron? How may such electrons be observed in a gas? 
When so observed, how may they be distinguished from photoclcctrons and Auger 
electrons? What are secondary beta rays? In an ionization chamber, arc most of 
the electrons collected by the positive electrode photoelectrons, recoil electrons, and 
Auger electrons, or do they belong in some other classification? 

6. A beam of fairly hard x-rays is directed downward upon a small block of 
carbon. Rays scattered from this block are intercepted by a second carbon l)lock 
6 in. east of the first one. Some of these are scattered a second time by the sc^cond 
block. Will these doubly scattered rays be most intense (a) north and south of the 
second block or (&) above and below it? Why ? 

7. Does there appear to be any hope of harmonizing the wave and particle aspects 
of radiation and so escaping from the wave-versus-particle dilemma? Wliat nuxlern 
developments tend to harmonize the two aspects? 

8 . For x-rays having a wave length of i A., the mass absorption coefficient of 
iron is approximately |. If i-A. x-i-ays strike a steel plate 1 cm. thick, what fra<‘:tion 
of the rays will emerge undeflected on the opposite side, assuming the; density of the 
steel is 8 g./cc.? Answer the same question for a 2-cm. plate. A 3-(an. i)lat(‘. 

Ans. 5 per cent; 0.25 per cent; 0.0123 per <-.ent. 

9 . The mass of an atom of unit atomic weight is l.OH X 10"“'* g. atomic, 

weight of iron is 55.84. How many atoms of iron in a gram of iron? The !itomi<^ 
number of iron is 26. How many electrons in a gram of iron? ( lal(nilat.<^ thc^ mass 
scattering coefficient of iron, using Thomson’s classical formula. From this answer, 
calculate the atomic scattering coefficient of iron. 

Ans. 28.1 X 10““ electrons; 0.186; 1.73 X 10"““. 

10. If one wishes to estimate the atomic absorption coeffi(dent of iron for 0.2- A. 
x-rays, should formula (5-14) or (6-15) be used? Make the estimate, using the value 
of <ra from Prob. 9. From this result, estimate the mass absorption c.oefficient of iron 
for 0.2- A. x-rays. Ans. fia = (9.12 -|- 1.73) X 10"““ = 10.85 X 10"““; /x = 1.17. 





CHAPTER 6 


REFRACTION OF X-RAYS AND THEIR DIFFRACTION 

BY RULED GRATINGS 

1. The Practical Absence of Reflection, Refraction, and Dispersion 
Phenomena with X-rays. Everybody is familiar with the reflection of 
light by a mirror and with the refraction of light. Ordinary eyeglasses 
or optical lenses of any sort depend upon refraction for their function. 
The dispersion of white light into a varicolored spectrum is likewise 
familiar in the rainbow. It is well known that in such a spectrum, 
formed by a glass prism, for example, the blue light is “bent,” or refracted 
more than the red light. 

These familiar phenomena are equally prominent with infrared and 
ultraviolet radiation, except that for the sake of transparency, other 
media such as rock salt or quartz may have to be used instead of glass. 
It is therefore surprising to learn that, for ordinary practical purposes, 
x-rays are not reflected, refracted, or dispersed. 

Rontgen naturally expected to detect these familiar phenomena in the 
rays that he had discovered, and his surprise must have been considerable 
when he failed to do so. He was unable to detect any deviation of 
x-rays by prisms of various materials or any difference between the 
behavior of the rays at a rough surface and a polished surface of any 
material. He then tried passing the rays through powdered I’ock salt, 
silver powder, and zinc dust^ and found that the beam after emerging in 
each case had exactly the same intensity and degree of parallelism as 
if it had traversed an equal mass of solid salt, silver, or zinc. He reasoned 
that even slight refraction or reflection at the surfaces of the thousands 
of powder particles should make the emergent beam quite diff'usc but 
that, since the emerging beam was not diffuse, both reflection and 
refraction at the surfaces of the particles must be negligible or absent 
entirely. If there is no refraction, there can be no dispersion. 

It was not until about 25 years later that x-rays were first leflected- 
from a polished mirrorlike surface in a specular manner like light. The 
reason for this is that reflection does not occur at all unless the incident 
and reflected rays graze the surface at an angle of only a fraction of a 
degree. 

^ W. C. Rontgen, Ann. Physik, 64, 1 (1898). 

2 A. H. Compton, Phil. Mag., 46, 1121 (1923). 
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2. Refraction and Dispersion of X-rays. It was not until 1919 that 
any experimental evidence appeared to indicate that the index of refrac- 
tion of x-rays ever differs even slightly from 1, that is, that x-rays are 
refracted slightly. This evidence was the result of refined experiments^ 
by Stenstrom in x-ray diffraction, which was itself not discovered until 
1912. Stenstrom’s data showed a slight discrepancy, which might be 
explained on the basis of an index of refraction of x-rays slightly less 
than 1 . 

In optics, the empirical formula for the index of refraction fj. is the 
well-known Sellmeier formula dating from about 1870. 




2 _ 


= 1 + 


X2 - X2 - Xl 


( 6 - 1 ) 


where Di, D^, etc., are constants, X is the wave length of the light, and 
Xi, X 2 , etc., are the wave lengths of the light that would be radiated by the 
various natural or resonant vibration frequencies of the “oscillators” 
(electrons) supposed to be elastically embedded in the refracting medium. 
A theoretical explanation of this empirical formula was deduced by 
Lorentz and Drude on the basis of classical physics, thus giving some 
insight into the mechanism of refraction and dispersion and the meaning 
of the constants Di, D 2 , etc. In this theory, Sellmeier’s equation appears 
in the form*-^ 


1 + 

Tr m XJ't “ 


+ 


As 


vl — 


+ 


) 


(6-2) 


where c and m are the charge (in o.s.u.) and mass of an electron; N\, As, 
etc., are the number of the various types of elc(;tr<niH per cubic centimeter 
of the refracting medium, classified according to their natural frequencies 
viy V‘z, etc.; and v is the frequency of the refracted light. On the basis of 
this classical theory, one should expect that, in the case of x-rays, v would 
be so much higher than it is for light that the various electronic resonant 
frequencies j'i, pzi etc., might be very small compai’ed with v. In this 
case, equation (6-2) can be appro.xirnated by neglecting the Pi, vz, etc., 
terms, and then Ai + A 2 +, etc., may be i-eplaced simply by A, the 
total number of electrons per cubic centimeter. Equation (6-2) then 
becomes 



N(^ 

TTmu"^ 


(6-3) 


^ W. Stenstrom, dissertation, Lund (1919); sec p. 320. 

2 See, for example, H. A. Lorentz, “The Theory of Electrons,” p. 149, Columbia 
University Press, New York, 1909, or It. A. Houstoun, “ I roatise on Ijight, 7th ed., 
p. 463, Longmans, Green and Company, New York, 1938. 
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Applying the binomial theorem, 


Ne^ _ 1 Y 

2Trmv^ 8 \2Trmv^/ 


(6-4) 


To gain some idea of the value of Ne^/2Trmv^, let us assume that the 
x-rays are the K« radiation from molybdenum passing through aluminum. 
Then, since the number of atoms per gram of any element is Avogadro’s 
number No divided by its atomic weight A, the number of atoms per 
cubic centimeter will be this quantity multiplied by the density p. The 
number of electrons is equal to the number of atoms multiplied by the 
atomic number Z, and therefore 


N = 


NopZ 

A 


(6-5) 


which is 7.83 X 10^® for aluminum. For MoK*, X = 0.71 A. and 
V = c/X = 4.2 X 10^® per second, and hence Ne^/2Trmv^ = 1.67 X 10“®. 
Therefore it is obvious that this quantity is small enough in all practical 
cases so that its square and higher powers may be neglected compared 
with itself, and thus (6-4) may be written 


where 


Ne^ = 1 _ ^ 

27rmi/® 2Tmc® 

2'7rwv® 27rmc® 


(6-6) 

(6-7) 


Thus it is seen that classical dispersion theory leads one to expect that 
the index of refraction of x-rays should be less than 1 by a quantity 5 
of the order of 10~®. 

The index of refraction p of a substance for a particular type of 
radiation is commonly defined as the ratio of the velocity c of the i-adia- 
tion in vacuum to its velocity v in the substance. Hence an index less 
than 1 for x-rays might imply a velocity v of the x-rays in the medium 
greater than c, thus violating the relativity principle mentioned on 
pages 56 and 57. This inference is false, however, because the velocity 
V with which one is concerned in this definition of p is the so-called 
“wave velocity’’ or “phase velocity” of the waves in the medium, 
whereas the energy of the x-rays is actually transmitted through the 
medium at a lower velocity u, called the “group velocity.” This is 
given by 

u = V — \m ((>-8) 

where Xm is the wave length of the x-rays in the medium. It may l)e 
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shown that u does not exceed c, so that there is no violation of relativity 
principles. ^ 

Some reflection experiments by A. H. Compton in 1922, to be described 
in the next section, Stenstrdm^s results, and the above theory — all 
indicated that x-i*ays might have an index of refraction around 1 — 10“®, 
or 0.999999; therefore in 1924 Larsson, Siegbahn, and Waller^ were led to 
attempt once more to detect and measure experimentally the deviation 
of x-rays by refraction in a prism. Many earlier experimenters, begin- 
ning with Rdntgen, had obtained only negative results from such experi- 
ments. By directing the incident beam at a polished surface of the 
prism at a grazing angle of about 1° or less, so that the expected deviation 
would be a maximum, Larsson, Siegbahn, and Waller succeeded in 
demonstrating beyond doubt that a measurable refraction at the surface 
existed, in a direction indicating an index of refraction slightly less than 1. 

By further refinement of technique, Davis and Slack^ were able to 
set an aluminum prism at the more conventional position of minimum 
deviation, as in optics, and measure 5 with an accuracy of the order of a 
few per cent. Using molybdenum radiation, they determined 

experimentally that 5 = 1.68 X 10"®, which compares satisfactorily with 
the value 1.67 X 10"® calculated on page 98. Good agreement with 
the classical theory was also obtained when copper K« radiation was 
used, for which they determined an experimental value of 6 of 8.4 X 10~®. 
As an example of the degi*ee of i-cfincment possible with modern tech- 
nique, Bearden'* has determined 5 for copper Kp rays in diamond to five 
significant figures: 5 = 9.2244 X 10"®. 

Instead of trying to measure the index of refraction directly with a 
prism, there are other experimental methods devised by various workers 
that also yield accui-ate values of /x. One of these is based upon measure- 
ment of the critical angle of total reflection, to be discmssed in the next 
section. Other methods depend upon diffraction of x-rays in crystals. 
The l)asic law of dilfraction, known as Bragg’s law, predicts the angles 
at whi(4i x-ray beams will be diffracted in a crystal in terms of other 
known or ineasuralde quantities. When observation fails to check 
exactly with the law, the discrepancy may be ascribed to refraction, if 
the measurements are sufficiiently refined and accairate. From the 
magnit.udo of the discrepancy, the value of /x may be calculated, but 
not with very great accuracy because the discrepancy is so small. This 
was the first method to yield a value of m other than 1, used by Steiistrom, 


1 Soo, for oxumplo, F. A. Jenkins and H. K. White, “Fundamentals of Physical 
Optics,” p. 300, MeCJraw-Hill Jiook (Company, Inc,, New York, 1037. 

2 A. IjarsHon, M. SieKl>ahn, and T. Waller, Naturwissenschaften, 12, 1212 (1924) ; 
Phi/a. Rev., 26, 235 (1025). 

* li. Ilavis and Ct M. Slacik, Phys. Rev., 27, 18 (1026). 

‘‘J. A. Bearden, Phys. Rev., 64, 608 (1938). 
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as already mentioned. By cutting and polishing the crystal so that the 
incident ray grazes its surface and the diffracted ray does not, or vice 
versa, a dissymmetry is produced that may be measured and used^ to 
calculate m- 

All methods yield values of jn that agree fairly well with equation (6-7) 
deduced from the early classical theory, unless the wave length of the 
x-rays used happens to be close to an absorption edge. From equation 
(6-7), 


_3 ^ Ne^ 
27rmc^ 


(6-9) 


indicating that, for any given material, 5/\^ should remain constant. 
Experimental values of 8 have been obtained with sufficient accuracy 
in the vicinity of absorption edges in some cases (for example, on both 
sides of X = 3.064 A., the K edge for calcium, using a calcite prism) to 
show that 5/X^ varies rather rapidly in the immediate vicinity of such 
edges. This is not surprising; for equations (6-7) and (6-9) were based 
on the assumption that p was much greater than any natural electronic 
frequencies pi, ps, etc., and this is apparently not true at an absorption 
edge. X-rays display a behavior in the vicinity of these edges, so far as 
refraction is concerned, somewhat analogous to anomalous dispersion in 
optics. This phenomenon need not cause concern in ordinary practical 
x-ray work, however, for 8 never exceeds 10~^ or thereabouts, even at the 
edge. 

Theoretical values of (m near such edges have been calculated on the 
basis of modern quantum mechanics, ^ and the results are in close agree- 
ment with the experimental data.® 

3. Reflection of X-rays and Their Diffraction by Ruled Gratings. 

By 1922, the theory discussed on page 98 and Stenstrom’s results 
indicated a refractive index for x-rays slightly less than 1. If /a is less 
than 1, Snell’s law of refraction 


sin i 
sin r 


( 6 - 10 ) 


indicates that r > i, so that a ray entering a dense medium from a rare 
one will be bent away from the normal rather than toward it. Hence 
total reflection will occur for values of i that make r exceed 90® rather 
than for values of r that make i exceed 90°, as in the case of light in glass. 
Therefore total reflection should occur for rays striking sufficiently 
obliquely from without, rather than from within the denser medium. 

^ See C. C. Hatley and B. Davis, Phys. Rev., 23, 290 (1924); H. von NardrofF, 
Phys. Rev., 24, 486 (1924). 

® See, for example, H. Honl, Z. Physik, 84, 1 (1933). 

® See, for example, II. M. Whitmer and G. A. Lindsay, Phys. Rev., 64, 988 (1938). 
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Referring to Fig. 6-1, let AB represent the polished surface of a 
solid (or clean surface of a liquid) with x-rays incident upon it from 
without (that is, from above) in the direction IP, striking it at P, and 
being refracted in the direction PR. NP is the normal to the surface at 
P. Then total reflection should be expected to occur when the angle of 
incidence i is large enough (or the angle of grazing incidence 0* is small 


N 

I 



Fig. 6-1. — To illustrate calculation of the critical angle of total reflection for x-rays. 

enough) for r to exceed 90°, as calculated from (6-10). The critical 
grazing angle do at which total reflection should begin is then given by 

cos dc — sin ie — m sin r — ii sin 90° — p. — 1 — B (6-11) 
or 6=1 — cos do (6-12) 

One of the standard trigonometric relations is 1 — cos Hx = 2 sin^ x', 
therefore, 

1 - cos Or. = 2 sin2 = 6 (6-13) 

Since 5 is of the order of 10“’^ or 10~‘’ as mentioned in the preceding 
section, sin*** is of this ord(;r, and thus sin ^-6c is of the order 10“®. 
For such small angles, the sine may be replaced by the angle if the latter 
is measured in radians, and (0-13) becomes 

5 = 2{i9cy = iel (6-14) 

or dc = (0-15) 

With these things in mind, an attempt was made in 1922 by A. H. 
Compton^ to reflect a fine beam of x-rays, of very slight divergence, from 
the polished surface of a piece of crown glass into an ionization chamber. 
The attempt was successful; when di was less than 10 min. of arc, a 
strong reflected beam was found in th(i direction predicted by the ordinai’y 
laws of specular reflection of light. The reflection does nc^t drop from 
90 per cent to zero instantly at the critii^al angle; the (uitofl* is sharp, but 
not mathematically discontinuous. By measuring 9,.. as accurately af 
possible and applying ((>-14), Compton (unnputed that, for X = 1.279 A 
(a tungsten L line), 6 = 4.2 X 10“® for glass and 21.5 X 10““ for { 

» A. H. Compton, Phil. Mag., 46, 1121 (1923). 
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silver mirror, as compared with 5.2 X 10“® and 19.8 X 10“® predicted 
by (6-7). 

These results encouraged Larsson, Siegbahn, and Waller to make 
their successful attempt to observe the refraction of x-rays directly 
soon afterward, as mentioned in the preceding section. In the case of 
highly absorbing materials like lead, when soft rays are used, the simple 
theory already outlined must be modified,^ for in this case no critical 
angle 6c is observable. 

Having demonstrated that x-rays could be reflected, Compton and 
Doan^ soon attempted to diffract them by reflection from a ruled grating 
of speculum metal, as in the case of light. At that time, x-ray diffraction 



Fiq. 6»2. — DiflFraction of x-rays by a grating, 

by crystals was an old story, but x-ray diffraction by a ruled transmission 
grating had not been achieved (nor has it yet), and x-ray diffraction by a 
ruled reflection grating had not been seriously considered because 
x-ray reflection had never been achieved. 

Compton and Doan directed the x-rays at the grating surface at a 
small grazing angle 6 (Fig. 6-2) so that they would be reflected. The 
attempt resulted in the successful photographing of x-ray grating spectra. 
The equation governing diffraction from a grating at grazing incidence 
is derived by noting the difference in the distances traveled by the rays, 
which are coherently scattered at adjacent grooves ruled on the grating. 
The grooves or lines on a diffraction grating are ruled parallel and equi- 
distant, and there are several hundred of them per inch. 

From Fig. 6-2 it is obvious that the incident rays travel equal dis- 
tances before reaching MA, a plane perpendicular to the rays at groove 
A. It is also obvious that the scattered rays travel equal distances 
after they pass the plane NB, perpendicular to the rays at the gr-oove B. 
Between these two planes, the ray scattered at B travels a distance MB; 
meanwhile, the ray scattered at A travels a distance AN. If the differ- 
ence in these paths is exactly 1 (or 0 or 2 or 3) or, in general, n wave 
lengths, where n is an integer, then the waves beyond NB will he in 

^ See, for example, P. Drude, “Theory of Optics” (translated by Mann and 
Millikan), p. 295 and Chap. IV, p. 358, Longmans, Green and Company, Now York, 
1925. 

2 A. H. Compton and R. L. Doan, Proc. Natl. Acad. Sci., 11, 598 (1925). 
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phase (that is, ‘‘in step ”)» constructive interference will occur for all 
the rays from all the grooves. There will be only certain values of the 
angle 6 a for which it will be true that MB — AN — n\. At other 
angles, MB — AN will not be an integral number of wave lengths. 
If it is I.IX, for example, then the waves scattered from grooves spaced 
5a apart (a is the “grating spacing,” or “grating constant,” Fig. 6-2) will 
have a path difference of 5^X and this will result in complete destructive 
interference. 

For the grating to diffract x-rays, 6 must be less than the critical 
angle Qo [Equation (6-15)] and a must not exceed two or three times dc. 
In general, this will not be true unless the grating is ruled somewhat more 
coarsely (lines farther apart) than is usual for optical reflection gratings. 

The whole phenomenon just discussed is called “x-ray diffraction.” 
It is obvious that x-ray diffraction is much easier to understand if the 
x-rays are regarded as composed of waves rather than particles. It will be 
remembered that x-rays were first defined as a form of radiation consisting 
of bundles of waves, or photons. X-ray diffraction also occurs (in fact, 
it was first discovered) in crystals, and it will be discussed in much 
greater detail in later chapters in connection with this phase of the subject. 

From Fig. 6-2, one must have, for constructive interference, 

MB — AN = nX = a[co.s 0 — cos {6 -f- a)] (6-16) 

whicli is frequently written in the trigonoinoti‘i(^ally ccpiivalent form 


n\ = 2a 



26 A OL . 
— _ — sin 



(6-17) 


or sometimes in the approximate form 

nX = a{a6 -f- (6-18) 

in which 6 and <x. must be expressed in radians. The integer n is the 
“order” of the diffracted spectrum; if n = 1, it is the first order, for 
example. In this particular case, negative orders, or negative values 
of n are possible, there being corresponding negative values of cx. 

Refinement in tcchni(iue in recent years has resulted in x-ray grating 
spectra of such high cpiality that X can be calculated from (6-10) or 
(6-17) with an accura<‘.y of five significant figures. For example, Bearden^ 
has determined the wave length of the copper Kai line from grating 
measurements to be 1.540(5 A, and Biicklin'^ has found the Kai .. line of 
aluminum to have a wave length of 8.3395 A. For determining the 
absolute value of the wave length of x-rays (as distinguished from detex- 
mining one wave length in terms of another), the ruled grating is now 


^ J. A. BeardiMi, Phya. Rev., 48, 385 (1935); see also footnote 1 on page 104. 
2 E. Biicklin, Z. Physik, 93, 450 (1935). 
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superior to the older method using a crystal. By combining the two 
methods, it is possible to deduce accurate values of two of the funda- 
mental physical constants,^ namely, Avogadro^s number Nq and the 
electronic charge e. The value of e thus deduced is 4.8024 X 10”^° e.s.u. 
When this was first computed accurately, the accepted value of e, based 
on Millikan’s oil-drop method, was 4.774 X 10“^° e.s.u. The dis- 
crepancy was quite disturbing to physicists. The resulting thorough 
search for the source of the trouble led to the discovery of an error in the 
value of the viscosity of air that Millikan used. After this was corrected, 
Millikan’s oil-drop value of e agreed with the x-ray grating value within 
the limits of experimental error. ^ 

QUESTIONS AND PROBLEMS 

1. A j&ne beam of parallel x-rays strikes an equilateral (60°) glass prism parallel 
to its base, so that the angle of incidence is 30°. After traversing the prism, it travels 
10 ft. and strilces a fluorescent screen perpendicularly, producing a spot of light. How 
far will this spot of light move when the prism is removed, assuming that ^ = 10“®? 

, Ans. 0.00126 in. 

2 . Compute 5 for the case of nickel Ka radiation (X = 1.66 A.) in chromium 
(2' ~ 24, A « 52, p = 7.1), Avogadro’s number being 6 X 10^® atoms /g.-atom. 

Ans. 5 = 2.4 X 10~®. 

3 . If one attempts to compute d for the case of manganese Ka radiation (X == 2.10 
A.) in chromium, there might be considerable doubt about the accuracy of the result, 
unless the solution were obtained by quantum-mechanical methods. Why? (Sec 
Appendix VI.) 

4 . If one wishes to measure the wave lengths of the nickel Ka lines by using a 

reflection grating ruled on chromium, the incident rays must strike the grating at an 
angle no greater than how many degrees or minutes? Ans. 24'. 

6. In view of the result in the preceding problem, the angle of diffra(d,i()n (a in 
Fig. 6-2) should not exceed about 1°. If it is desired to observe both first and second 
orders in the spectrum, the grating used must not have more than alxuit how many 
lines per centimeter? Ans. 8,000. 

^ J. A. Bearden, J. Applied Phys., 12, 395 (1941). 

2 See p. 338. 
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1. Types of X-ray Tubes. Some of the fundamentals of the con- 
struction and operation of various types of x-ray tubes were discussed in 
C'liap. 2. Since x-ray tubes are used for a wide variety of purposes, there 
is a wide variety of tube types. The following outline lists the more 
important variations:^ 

1 


a. C.Jas tubes, versus 

h. Coolidge-type (hot-cathode) tubes, versus 

c. Tubes in which the cathode is an “electron gun"; see, for example, the Lilien- 
feld tube (Sec. 4e), versus 

d. Field emission tubes (see page 296). 


2 

a. Demountable tubes that can be taken apart to change targets, etc., and conse- 
quently are connected to a vacuum pumping system so that they can be 
exhausted during use, versus 

b. Sealed-off tubes. 


a. T\d')es in which the target gets white-hot and dissipates its heat by radiation, 

h. t'iIcs in which the target or both cathode and target are cooled by external 

(convection fins, versus i j i x -i 

r. ^rubes in whi(ch the target or cathode and target are cooled by water or oil 

(circulated through them, versus -j 

rf. Tutes in which the tarRcl i« c<k.I« 1 )>y water, which boils inside it and con- 

(lenses in an external metal bulb. 


a. Rotating anode tubes," versus 
h. Tubes with a fixed target. 

5 


t M':ra.‘bd::;;3hled w^h windows tor the x-ray beam; the cathode is insu- 
lated by a glass or porcelain insulator. 

1 See V. Hicks. J. Applied r-km; 12.304 (1041); W. D-C<>fdge and E.E Charlton. 
CIm. Klee. Rev., 48, 36 (November, 1045); Z. J. Atlee, Electronics, 18, 136 ( 

''"^5 'now made for power up to 10 kw. or more; see, tor example, J. Beck, 

Z., 47i ci93o"^ W. M DuMond and J. P. Youtz, Sci. Instrumsnds, 8. 291 

(1937). 
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6 

а. Low-voltage tubes that generate such soft rays that special windows are required 
to let them out, such windows being of special paper-thin glass (Lindemann 
glass) or aluminum foil or beryllium, ^ versus 

б. Tubes generating hard x-rays, which escape from the tube without needing 
any special windows. 

7 

а. “Shockproof” tubes, semipermanently mounted in a close-fitting container, 
which may contain oil, provided with a window for the x-ray beam, and usually 
supplied with electric power through high-voltage insulated cables with a 
grounded exterior metal sheath (these are called “shockproof cables”); these 
tubes afford complete protection against high-voltage electrical shock, and 
sometimes against x-rays escaping in other directions than through the window, 
versus 

б. Tubes not so protected. 

8 

Tubes having targets of 

а. Tungsten 

б. Tantalum 

c. Molybdenum 

d. Copper 

e. Nickel 
/. Cobalt 

g. Iron 

h. Chromium 

i. Other less common materials. 

9 

a. Tubes built in several alternating sections of metal and insulating mntorial, 
called “multisection tubes,”* to distribute extremely high voltages \iniformly 
along the length of the tube, versus 
h. Ordinary single-section tubes. 

10 

a. Very high voltage tubes having a thin target at one end so that the useful x-ray 
beam penetrates the target and emerges from the anode end of the tiil>o“ in 
the direction of travel of the cathode rays, versus 
h. Ordinary tubes from which the useful rays emerge latc^rally, (a) some with 
square-cut targets, (b) some with targets cut obliqiiely, versus 
c. Tubes having a target provided with a conical cavity at the focal spot, the 
useful x-ray beam traveling opposite to the direction of motion of t.he ca.thodc 

^ See G. E. Clausen and J. W. Skehan, Metals & Alloys, April, 1042; also K.. It. 
Machlett, J. Applied Phys., 13 , 398 (1942); also H. Brackney and Z. J. Atlec, Rev. 
Sci. Instruments, 14 , 59 (1943). 

* See, for example, E. E. Charlton and W. F. Westendorp, Gen. Elec. Rev., 44 , 654 
(1941) (1-million- volt tube); Electronics, 17 , 128 (December, 1944) (2-million-volt 
tube); R. R. Machlett, Electronic Ind., 3, 79 (November, 1944). 

® The European “oxtail” tube, designed to generate x-rays inside tanks and pres- 
sure vessels that are to be inspected, also has the target at the end of a long projec- 
tion. See J. E. de Graaf, J. Inst. Elec. Eng., 84 , 545 (1939). 
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rays, passing through the center of the cathode filament, which is wound in 
circular (not spiral) form, and emerging from the cathode end of the tube, 

11 

а. Tubes with two or more separate cathode filaments, so that, by using one or 
the other, focal spots of various sizes may be obtained in the same tube 

б. Benson or Goetze focus tubes; see page 18 and Fig. 2-9; also U.S. patent 
1,174,044 (1916) 

c. Tubes with conventional spiral cathode filaments, and 

d. Tubes with ring-type cathode filaments (see 10c, on page 106). 

12 

a. Therapeutic tubes designed for high voltage and moderate power in which 
large focal spots are no disadvantage 

b. Tubes for industrial radiography, in which high voltage and moderate or high 
power are required but are compromised by necessity for a small focal spot 

c. Medical radiographic (diagnostic) tubes requiring lower voltage and fine focal 
spot and perhaps special right-angle shapes, etc., as in dental tubes 

d. X-ray diffraction tubes^ 

e. Tubes for microradiography, and 

/. Other special-purpose tubes. 

13 

a. Tubes for x-ray snapshots, ^ which are designed for tube curremts of several 
thousand amperes (not millianiperes!) at 300 kv. for about 1 microsecond 
only (Fig. 7-1) (these tubes operate by “field emission” from a cold cathode), 
versus 

b. Ordinary tubes for continuous operation. 

14 

a. Tubes with a control grid® to suppress the tube current except during the short 
time when the sine wave of the a.c. voltage is near its crest, thus increasing the 
tube efficiency, versus 

h. Ordinary diotlo-type tul)es. 

16 

a. Tubes designed to operate with tlie anode grounded, and 

b. Tubes <lesigned to operate mid-grounded, that is, with the anode aboveground 
potential and cathode befiowground potetitial, at haist on t.he vistfiul half <\ycle, 
if alternating (uirrent is used. 

* Sec, for example, J. 10. <le Graaf and W. J. Oostcrkanip, J. Instrumentfi, 
16, 293 (1938). 

® Sec, for example, M. Stecinlxark, ITy',s.s. Veroffenl. SiemenH-Werken, 17, 363 
(1938); E. A. W. Muller, Arch. lech. MenHcn, 102, ^’157^ (l^ecember, 1939); K. H. 
Kingdon and H. E. Tanis, .Jr., Phya. Rei)., 63, 128 (1938); W. J. Oostorkamp, Philtps 
Tech. Rev., 6, 22 (January, 1940); C'. M. Slack and L. F. Ehrke, J. Applied Phyn., 
12, 165 (1941), 16, 628 (1944); (!. M. Slack, K. R. Thilo, and C. T. Zavalles, Electronic. 
Jnd., 3, 104 (November, 1944). 

® See, for example, A. Eisenstein, Rev. Eci. Instruments, 13, 208 (1942). 
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16 

Other variations, such, as hooded anodes to reduce electronic bombardment of 
the glass envelope. 



Fig. 7-1. — Marx-type surge generator and 300-kv. field-emission x-ray tube for instantane- 
ous radiography. (Courtesy of W estinghouse X-ray Division.) 

The variations jnst outlined are interdependent, so that the various 
possible combinations are very numerous indeed. For example, there 
are shockproof glass tubes, shockproof metal tubes, nonshockproof glass 
tubes, nonshockproof metal tubes, etc. Detailed discussion of some 
of these types will be reserved for other chapters. 

One of the best places to find excellent illustrated descriptions of the 
more common tube types is in the catalogues of the various x-ray tube 
manufacturers. In the United States, a few of the more prominent tube 
manufacturers in alphabetical order are: 

General Electric X-ray Corporation, Chicago, III. 

Machlett Laboratories, Inc., Springdale, Conn. 

North American Philips Co., Inc., New York, N.Y. 

Westinghouse Electric & Mfg. Co., X-ray Division, Baltimore, Md. 

Others may be found in MacRae's Blue Book or Thomas’s Register 
of American Manufacturers. Outside the United States, two of the most 
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prominent tube manufacturers are the N. V. Philips Gloeilampenfabrieken, 
Eindhoven, Netherlands and the Siemens- Werke, Germany. 

2. Diffraction Tubes — Demountable. In most x-ray work, it is 
the continuous radiation that is of chief interest. X-ray diffraction 
work is an exception in that the characteristic radiation of the tube 
target is usually of paramount interest. Hence tubes for such work are 
often demountable so that targets of one metal or another may be 
inserted as desired. Demountable tubes for diffraction work are usually 
homemade rather than factory-built. Descriptions of such tubes are 
frequently found in such periodicals as the Review of Scientific Instru- 
ments and the Journal of Scientific Instruments, the latter a British 
publication. Since 1920, most volumes of either of these magazines 
contain descriptions of at least one such tube.^ 

For many years, one of the most widely used types of demountable 
diffraction tube was the Hadding type.^ This is a gas tube with steel 
body, electrically grounded, surrounded in turn by a metal jacket, water 
being circulated between the two. The target is also kept at ground 
potential and is water cooled. It is quickly and easily fitted into the 
tube by means of a tapered greased joint (which should be greased only 
bn the outer portion by low-vapor-pressure grease like Apiezon L). 
The focal spot is only about 1 cm. from the aluminum-foil window for 
the x-rays. In mounting such windows, which should be about 0.01 
mm. thick, orange shellac is suitable as an adhesive and may be brushed 
very thinly over the foil to seal microscopic holes in it. The aluminum 
cathode is insulated from the steel body of the tube with a porcelain 
insulator. The cathode is water-cooled, but only a very small stream of 
water is required for it, say a few drops per minute. Since it is at high 
(negative) voltage, the water leads to it should contain a section of fine 
glass tubing to minimize electrical leakage through the water. The 
porcelain insulator may be sealed to the steel tube body and to the 
cathode by some wax such as Picein. 

A tube of this type is operated at from 10 to 40 kv., depending upon 
the target used, and will c.arry up to 30 ma. easily. Such power concen- 
trated on a target so close to a thin window produces a very intense 
x-ray beam at the window. After a tube of this type is operated a few 
hundred hours, the x-ray intensity begins to fall off gradually until it 
finally drops to only a few per cent of its original value. Since the tube 
voltage and current remain normal, this effec.t is puzzling until the cause 

1 See, for example, F. G. (4iosley, Rev. RH. Pistruments, 14, 3 (1943). 

® Described and illustrated by A. Haddinp;, Z. Physik, 6, 369 (1920); also by 
M. Siegbahn, “The Spectroscopy of X-rays,” translated by G. A. Lindsay, p. 35, 
Oxford University Press, New Vork, 1925. Another popular tube of this type is the 
Shearer tube. Sec, for example, W. H. Bragg and W. L. Bragg, “Ihe Crystalline 
State,” p. 308, George Bell & Sons, Ltd., London, 1933. 
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is learned. Upon opening the tube, it will be found that the aluminum 
cathode has developed a small pit in its center. This destroys its 
focusing action. The cathode may be mounted in a lathe and the pit 
removed with emery cloth in a few minutes. Upon reassembling, the 
x-ray output will be found as intense as ever. 

A modern demountable gas- type diffraction tube of a somewhat 
different kind is illustrated in Fig. 2-2. Such metal gas tubes are prac- 
tically indestructible, so long as the water supply is maintained. With 
any water- or oil-cooled tube, the power supply should be provided 
with a shutoff relay to operate upon failure of the water or oil supply. 
Such relays should depend, not upon pressure, but upon flow. Relays 
that operate when the pressure drops do not protect against clogged 
passages, which is one of the commonest causes of cooling failure. 

Gas tubes are often preferred for diffraction work for six reasons. 
(1) A demountable tube is frequently disassembled to change targets. 
Such treatment may knock a delicate filament out of alignment or 
damage it. (2) Very ordinary care in vacuum technique is sufficient to 
secure a pressure of 10~^ mm. of mercury, which is low enough to operate 
a gas tube; if a leak develops and the pressure rises, no harm is done. 
Greater care is required to obtain a pressure of 10“^ or 10~® mm. of 
mercury for hot-cathode operation; if even a small leak develops so that 
the pressure increases to, say, 10~^ mm., positive-ion bombardment of the 
filament quickly destroys it. (3) Greater care in cathode design and 
construction is required to obtain a good focal spot with a hot cathode 
than with a cold one. With the latter, it is necessary only to make the 
radius of curvature of the concave surface a little less than half the 
distance from cathode to target and to avoid sharp edges. (4) The hot 
cathode, being at high voltage, requires insulated storage batteries and 
rheostat or a highly insulated filament transformer to energize it, whereas 
gas tubes require only a simple leak valve for their control. (5) Tungsten 
tends to evaporate from a hot tungsten cathode and condcinse on the 
target slowly. If this occurs, the characteristic spectrum of the target 
(copper, for example) has superimposed upon it the characteristic spectrum 
of tungsten, which is undesirable in diffraction work. (0) If the tul>e is 
being used with a vacuum spectrograph so that the tube and speed, r<>- 
graph are all at the same pressure, the “window” being omitted, then the 
visible light from the glowing cathode filament may be reflected froTii 
the target surface into the spectrograph and fog the film or ]:)late. Gas 
tubes can be made self-rectifying, as already mentioned, so that the 
inherently self-rectifying hot-cathode tubes no longer offer that advantage. 

The leak valve required to control a gas tube may be very simple. 
Wyckoff and Lagsdin^ have found that a screw clamp on a rubber tube 

1 R. W. G. Wyckoff and J. B. Lagsdin, Rev. Sci. Instruments, 7, 35 (1936). 



Sec. 4] 


X-RAY GENERATING EQUIPMENT 


111 


will serve. With this arrangement, some have reported improved per- 
formance if a small wire is inserted in the tube before the clamp is applied. 

3. Diffraction Tubes — Sealed Off. A more elegant solution to the 
diffraction-tube problem is to buy several factory-built sealed-off diffrac- 
tion tubes, each with a different target, such as molybdenum, copper, 
cobalt, etc., and change tubes for different problems instead of changing 
targets. For copper, nickel, cobalt, iron, and chromium, it is recom- 
mended that the recently developed beryllium window tubes be selected. 
With molybdenum, this is not so important; in this case, Lindemann glass 
windows are nearly as good, as may be seen from Table 7-1. 

Table 7-1.* — Per Cent Transmission of the Ka Radiation of Various Elements 

BY X-RAY Tube Windows 


Target element 

Window material 

Lindemann glass 

Beryllium 

Cr (24) 

5 

62 

Fe (26) 

15 

74 

Co (27) 

22 

80 

Ni (28) 

30 

82 

Cu (29) 

40 

85 

Mo (42) 

88 

95 


* Compiled from data puhliwlicd by the Cloneral KUsotrie C\)inpiiny, l)y periniHsion. 


The use of factory-built sealed-olf tuVies overcomes most of the six 
advantages listed for gas tubes in the pre(;eding section and overcomes 
the two important disadvantages of demountable tubes, (1) the necessity 
of having a vacuum system and (2) the lack of flexibility (because the 
tube is attached to the vacuum system). Factory-built sealed-oif 
tubes, properly used, will not suffer from burned-out or misaligned 
filaments even after thousands of hours of use. The vacuum stays 
good; the tungsten deposition has been reduced to a j^oint where it is of 
no consequenc,e in ordinary routine work;' and such tubes may be used 
in a self-recitifying circuit. 

The cathode in such tubes is sometimes of the “hemispherical type’' 
(see Fig. 7-2C), although the pi*esent trend is toward a line-focus or 
Benson-type (uithode (Fig. 2-1)) with target cut olT sciuare. 

4. X-ray Tubes — General, a. Cathode. Most .x-ray tubes except 
diffraction tubes are useful chiefly for the continuous .x-ray spectrum 
they produce. Their metal parts must withstand high temperatures 
in a vacuum without melting, warping, evaporating, or releasing much 


^ For details, bih! Sci. Instruments, 22, (57 ( I94.'i). 
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absorbed, gas. Sealed-off hot-cathode tubes usually have their cathode 
focusing cups made of molybdenum or tantalum. 

The older type of universal cathode (Fig. 7-2A) was surrounded, 
by a fiat circular shield S. This has but little to do with the focusing 
but screens the glass support from possible ion bombardment. The 
newer type of universal cathode is represented in Fig. 7-2B. The hemi- 
spherical type shown in Fig. 7-2C is used when a very fine focal spot is 
desired. It is ordinarily placed closer to the target T than the universal 
type. Both types produce a circular focal spot. The present trend in 



C 

Fig. 7-2. — Various types of hot cathodes with spiral filaments. A,^ universal cathode, 
older type. B, universal cathode, newer type. C, hemispherical cathode. 

tubes for most purposes seems to be toward the Benson-Goetze type of 
focus ^ (Fig. 2-9). 

The filament is made of tungsten wire, the most rugged and durable 
metal for this purpose. Most x-ray tube filaments operate at about 
6 volts and require 3 or 4 amp. to maintain an emitting temperature. 
The high-voltage electrostatic field exerts enough mechanical force on the 
filament to distort or destroy it if it does not have considerable mechanical 
strength when hot. By using an oxide-coated or a thoriated filament, the 
required heating power might be reduced from around 20 watts to per- 
haps 2 or 3 watts, but this would reduce the life of the costly tube seriously 
and would be false economy. 

h. Target. The target is usually made of solid tungsten in the form 
of a block or a thick disk. Sometimes a tungsten button is sot into a 
block of copper (Fig. 2-9). Tungsten is usually chosen because it 
offers the best combination of desirable properties, such as high melting 
point, high atomic number, and high thermal conductivity. Otlier 
metals are occasionally used. For example, the GOO-kv. therapeutic 
tube at Harper Hospital, Detroit, Mich., has a lead target. Its com- 
paratively large focal spot makes a high-melting-point target unnecessary. 

^ For details regarding the focusing of electrons upon a suitable focal spot, a 
Benson-Goetze focus being used, see N. C. Beese, Reu. Set. I nstrumenis, 8 , 258 (1937'). 
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Lead was chosen because its high atomic number (82) makes it about 
10 per cent more efficient than tungsten as an x-ray emitter [see equations 
(2-5) and (3-11)]. 

c. Windows for Hard Rays. In some medical diagnostic tubes, the 
glass envelope is ground down thin opposite the target, to serve as a 
window for the x-rays, even though they are fairly hard, being generated 
at 50 to 90 kv. 

d. Shockproof Tubes. ^'Shockproof'’ tubes are tubes which are 
enclosed in a protective cover. Such covers are sometimes made of 
lead-impregnated porcelain or lead-impregnated plastic material; the 
central portion, which contains the window for escape of the x-rays, is 
often made of metal. The cover may be difficult or easy to remove, 
depending on whether or not it contains oil and on the design. Some 
Philips and Siemens tubes are built with the central metal portion of the 
protective cover sealed to the glass, the cover not being intended to be 
removed. On the other hand, a General Electric XP tube will slip out 
of its cover easily. 

These covers serve several purposes. (1) By surrounding the tube 
with a grounded conducting cover, they make it impossible for the user 
to be electrocuted by the high voltage, which is supplied through shock- 
proof cables. (2) By the use of lead in the cover, the intensity of the 
x-rays radiating in other dii*ectioiis than through the window is reduced, 
sometimes enough to afford very good protection to the operator froir 
x-rays, and sc^metimes not. (3) They often scu-ve to redistribute th< 
electrostatic field about the glass tube inside in such a way that the tub< 
can withstand a higher voltage with the cover on than off. This redis 
tribiition of the field frequently makes it iinne<!esHary to have the glas. 
tube swell out into a large bulb in the center, as with most unprotectec 
tubes. This has the advantage of enabling one to work close up to th 
focal spot with diffraction (iameras, etc.., wluu-e the rays are in tens 
(inverse-H<iuare law). The purpose of the bulb in unprotected tube 
is to reduc.e elecitronic; boml)ardment of the glass and consequent chargin 
up of the glass, which is likely to puncture it or to disturb the focusin 
of the cathode i-ays. (4) Shoc^kproof covers sometimes serve as cor 
tainers of transformci’ oil or cooling oil, which (;ools the whole tube an 
at the same time improves the insulation so that the length of the tut 
for a given high voltage may be considerably loss than that require 
for an unprotected tube (uipable of withstanding the same voltage. 

e. The Oxtail Tube and. the JAlienfeld Tube. In the European oxta 
tube^ the c.athode-ray f)oam is focused so that it passes down a met 
tube several inches long to the target at the far end (Fig. 7-3). Th 
focusing is accomplished and controlled in part by a " magnetic lens,” < 

* Footnote 3, p. 106. 
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“focusing coil.” This is a wire coil wound around the tube body, its 
axis coinciding with the tube axis. A steady direct current through such 
a coil serves to focus the cathode rays much as an ordinary lens focuses 
light rays. A coil used in this way is called a magnetic “electron lens.” 



Tbrrgel' 


'Shockproof Mctofnehc 

cab/e ibcus/ng coif 

Fig. 7-3. — European oxtail tube. 


A tube of this type necessarily operates with the anode (target) 
grounded. The high negative potential is supplied to the cathode 
through a shockproof cable, as shown in Fig. 7-3. Besides the added 

complexity of the magnetic focusing, there is the dis- 
advantage that the x-ray intensity attainable with this 
type of tube compares unfavorably with that pro- 
duced by a conventional tube. This may explain 
why this type of tube has never been used widely in the 
United States. 

The Lilienfeld tube was fomierly popular in Europe. 
An early model of this type is represented in Fig. 7-4. 
Instead of a simple cathode, the tube was provided with 
an “electron gun,” somewhat similar to those used 
in cathode-ray oscillograph tubes. The hot filament 
F served as the electron source, and the electrons were 
given a preliminary acceleration by the auxiliary elec- 
trode /S before emerging through the hole in the 
cathode K. The gun focuses the electron beam elec- 
trostatically. 

An experimental gun-type tube has been desci’ibed 
recently by McCue.^ The chief advantages of a gun- 
Fiq. 7-4. — ^Lilien- type tube are (1) electrical control of the focal-spot 
popuf^r'^Tn^Ei’^opi (2) reduction of target contamination by evapo- 

ration; (3) ability to operate at low voltages such as 
5 kv. At such low voltages, space charge often limits the electron current 
to a very low value in Coolidge-type tubes. On the other hand, the 
Coolidge type is simpler, and the auxiliary electric circuits needed for an 
electron gun are eliminated. 

/. Stray Radiatio7i. Tests have shown that, even in well-designed 
tubes, only about 80 per cent of the x-rays are generated in the focal 

^ J. J. G. McCue, Rev. Set. iTistrumenis, 14, 339 (1943). 
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spot. The other 20 per cent or so originate from the sides and back 
of the target and other portions outside the focal spot. This stray 
radiation” is probably generated by electrons that have hit the focal 
spot and have been scattered there and by secondary electrons that the 
primaries knock out of the target within the focal spot. These scattered 
and secondary electrons fly out of the focal spot and rain down upon 
other parts of the anode, generating x-rays that are softer than those 
generated at the focal spot. 

g. Tube Rating and Tube Life. X-ray tubes are usually rated, first, 
for maximum voltage. This depends upon the tube length, insulation, 
shape, type of protecting case (if any) , whether immersed in oil or not, and 
similar factors. If a tube rated at 100 kv. is used at 200 kv., it will 
probably flash over, puncture, or go “gassy” or the filament will collapse 
from electrostatic forces. Similar failure is to be expected if a tube 
rated at 100 kv. when immersed in oil is operated at 100 kv. not immersed. 
The abbreviation “kv.p.” or “kv.c.” (kilovolts peak or kilovolts crest) 
is frequently used in rating a tube. This serves to remind the user that 
this rating is not to be confused with the “kilovolts” supplied by the 
secondary of a high-voltage transformer. The voltage of an a.c. source 
ordinarily varies in a sinusoidal way with time, and the value assigned 
to it is ordinarily the r.m.s. (root mean scpiai'e) value. Thus, wlien one 
says that his house is supplied with 1 1(1 volts a.c., he means that an 
incandescent lamp on the circuit glows just as brightly as it would if 
supplied with 110 volts d.c. Nevertheless, the ti.v. volt.ago supplied to 
the lamp varies from — 150 to -|-15(), and it is tliis maximum voltage 
which is considered in the voltage rating of an x-ray tul)e. Hence a 
70-kv. (r.m.s.) transformer will supply all the voltage which a 100 kv.p. 
x-ray tube is intended to withstand. However, transformers built for 
x-ray service are usually rated in terms of maximum voltage rather than 
r.m.s. voltage as is usual for other tivinsformers. When the x-ray tube is 
supplied with a steady source of high-voltage direct (uirrent, there is no 
distinction between kilovolts and kilovolts peak. 

X-ray tubes are next rated for maximum c.ontinuouR power input. 
This depends upon the provision for cooling tlie target. For example, a 
tube may have a continuous rating of 5 ma. at 200 kv. or 10 ma. at 
100 kv., eitlier figure representing a ])ow(n* input of 1 kw. if the high 
voltage is continuous dire(d. current. This (cannot be carried to extremes, 
however. For oxam])le, if one attempkul to operate smdi a tube at 5 kv. 
with a tube current of 200 ma., he would only melt the filament because 
it was not designed to emit siudi a large electron current, even though 
the tube power rating would not bo violated. In fact, one is likely to 
find it impossible to attain a tube current of even 1 or 2 ma. when the 
tube voltage is reduced to only 10 or 15 kv. Such low voltages permit a 
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space charge” (page 121) to build up so that the tube current is limited 
to 1 ma. or less, even though the filament heating current is increased 
until the filament melts. A tube designed to be cooled from an external 
water or oil supply will quickly fail if operated at its rated capacity 
with the water or oil cut off. 

Most tubes may have their power rating considerably exceeded 
for a short time. For example, one particular tube rated at 100 kv.p., 
6 ma. continuous, may be operated at 100 kv.p,, 10 ma. for 50 sec., or 
100 kv.p., 15 ma, for 20 sec. or 100 kv.p., 20 ma. for sec., or 50 kv.p., 

40 ma. for 2^ sec., etc. During the 
overload the target heats up because 
it is absorbing energy faster than it 
can get rid of it, but the excess energy 
is stored as heat in the target. If the 
time is short enough so that the tem- 
perature does not reach the danger 
point, no harm is done. Such over- 
loads cannot be applied safely one 
after the other, of course, unless the 
tube is shut off between times long 
enough to cool to a temperature that 
will be a safe starting point for the 
next overload, which must not pro- 
duce a dangerous final temperature. 

Some tubes have their maximum power rating ba.yed, not upon the 
rate at which the target can be cooled, but upon the rate at which the 
target metal can conduct the heat away from the focal spot and distribute 
it through the whole mass of the target. Rotating anode tubes are in 
this class. If such a tube is rated at 10 kw., it is likely to be ruined 
by a power input of 20 kw., even if only for a second. 

The power rating also depends upon the type of circuit in which the 
tube is to be used. For example, one particular typical tube is rated 
at 220 kv.p., 20 ma,, when used in a circuit provided with rectifiers but 
no smoothing condensers. Nevertheless, the rating of this tube is only 
200 kv., 18 ma. when used in a constant-potential direct-current (c.p.d.c.) 
circuit. This is because the average voltage is only a fraction of the 
peak voltage in pulsating d.c. operation, but in c.p.d.c. operation the 
average voltage is practically identical with the peak voltage. This will 
be discussed further in Sec. lie. 

The life of a well-made tube used at its full power rating is usually a 
matter of several thousand hours. This can be reduced to almost 
nothing by overloading the tube, even 50 per cent, as indicated in Fig. 7-5. 
It can be increased manyfold by operating the tube below its rated power, 
as indicated. 



Fig. 
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Operating power in percent 
of maximum rated power 

7-5. — X-ray tube life as a function 
of power used in its operation. 
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If the tube is required to rectify its own. current, either wholly or 
partly, that is, if it is subjected in service to a high inverse voltage 
making the anode negative and cathode positive, the tube life is notice- 
ably reduced. If the high-voltage circuit includes rectifiers so that 
the tube is subjected to a pulsating d.c. voltage only, tube life is as long 
under those conditions as any. If the tube is supplied with a steady 
high-voltage c.p.d.c. approximating that from a high-voltage battery, 
tube life is shorter than with pulsating d.c. This point is further dis- 
cussed on page 135. 

Tubes that are operated conservatively so that their voltage or 
power ratings are never exceeded usually are eventually retired from 
service because of excessive pitting, checking, or cracking of the target 
at the focal spot. The rapid and extreme changes in temperature at 
this spot cause the metal to crack and chip or to melt locally so that 
eventually a bad pit results.^ The x-rays generated in the pit are 
absorbed by the surrounding target metal instead of radiating outside 
as desired, and the loss of efficiency eventually becomes serious enough 
for the tube to be discarded. If the tube is not retired for this reason, the 
cathode filament will eventually fail, like the filament in an incandescent 
lamp. 

h. Million-volt Tubes. The recently developed million-volt General 
Electric tube is located within the high-voltage transformer that energizes 
it, the tube axis coinciding with the transformer axis. The tube rectifies 
its own current. It is built in 12 sections, glass tubing alternating with 
Fernico rings. Fernico Ls an alloy having a coefficient of expansion 
near that of glass. By connecting each ring to taps from the transformer 
secondary winding, each section is required to withstand just one-twelfth 
the total potential drop. In tubes built in one section, the potential drop 
is ordinarily nonuniform along the tube length, and this makes such 
tubc‘s impractical for potentials as high as 1 million volts. The inside 
walls of the glass sections are sandblasted further to equalize the voltage 
gradient in each section. The tube is permanently evacuated and sealed 
off. 

Both tube and transformer are enclosed within a steel tank containing 
Freon (CCI 2 F 2 ) under a pressure of 50 or 60 lb- /in®. This vapor mixed 
with air is superior to air alone as an insulator. The target is grounded 
and is made of a tungsten disk set in copper. The disk is thin enough 
so that part of the useful x-rays escape laterally in the usual way but the 
1‘est i)ass through and escape in the direction of travel of the cathode 
rays. The 2-million-volt x-ray tubes recently developed by General 
Electric and by Machlett (Fig. 7-6) follow this same general design.® 

^ Soo F. R. Abbott, J. Applied Phys., 13, 384 (1942). 

^ See J. Applied Phys., 16, 314 (1945). 
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The use of Freon under pressure in a tank to serve as insulation for 
potentials running to millions of volts was demonstrated in the Wisconsin 
electrostatic generator in 1937. ^ Such generators have been used with 
multisection x-ray tubes to produce x-rays at potentials up to 2 million 


‘ Fio. 

volts2 by Van Atta and Northrop, who found that at 2 inillion volts the 
radiation is three times as intense (at a given tube current) and four 
times as penetrating as at 1 million volts. 

6. Cathode-ray Tubes. If the cathode rays in an evacuated tube 
are dhected against a very thin place in the tube wall, they (;an be made 

1 C. M. Hudson, L. E. Hoisington, and L. E. Royt, Phys. Rev., 62, 004 (1937); 
D. B. Parkinson, R. G. Herb, E. J. Bernet, and J. L. McKibben, Phys. Rev., 63, 642 
(1938). 

2 L. C. Van Atta and D. L. Northrop, Am. J. Roentgenology Radium Therapy, 41, 
633 (1939). 
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to penetrate it and escape into the air outside- Their energy is rapidly 
dissipated in ionizing the atoms composing the air. Even 200-kv- 
cathode rays travel only a few inches. An early low-voltage cathode-ray 
tube of this type was built by Lenard^ in 1894. It must necessarily have 
produced x-rays when he operated it, but they escaped his notice. 

Tubes of this type are manufactured by General Electric,^ having a 
window of nickel foil supported against atmospheric pressure by a metal 
honeycomb grid, and by Westinghouse,® having a window of paper-thin 
glass in the form of a reentrant spherical bulb, which permits it to with- 
stand the pressure. Such tubes are sometimes called “Lenard ray 
tubes.” 

Many of the electrons that penetrate these windows suffer elastic or 
inelastic collisions in doing so and consequently emerge in all directions 
at all speeds from the maximum down. In addition, a swarm of second- 
ary electrons, mostly of low energy, are knocked out of the window and 
are present on both sides of it. 

Cathode rays in the open air can perform spectacular feats, such as 
causing calcite crystals to glow brilliantly after a short exposure. It is 
amusing to hand someone a large calcite crystal that appears to be red- 
hot but is actually stone-cold. Little practical use has been found for 
cathode rays at voltages up to several hundred kilovolts. They can 
produce vitamin D from ergosterol,'^ but this (!an l>e done very much more 
efficiently and cheaply with ordinary ulti'avicjlet radiation. Recently, 
cathode rays have been projected into the open air in this manner at 
li million volts, and Kerst’s betatron is (aipablc of projecting a 20-mil- 
lion-volt cathode-ray beam into the air. These sui)er volt age cathode-ray 
beams appear to have promising possibilities in therapeutic work, which 
will be discussed in CJhap. 1 1 . 

6. High-voltage Rectifier Tubes — Kenotrons — Valves. The rectify- 
ing action of Coolidge-type x-ray tubes has already been explained in 
Sec. 2-5. If a high-voltage diode (a diode is a two-electrode vacuum 
tube) is built primarily to serve as a rectifier rather than as an x-ray 
generator, then it is commonly called a “kenotron.” Kenotron is a 
trade name that, strictly speaking, is applicable only to high-voltage 
rectifier tubes made by the General Electric Ck^mpany, but like other 
popular trade names it has come into general use for any such tube. 
Tubes of this type are also often called “valve tubes,” probably by 

^ P. Lonard, Ann. Physik Cham., 61, 225 (1894). 

2 W. D. Coolidge, J. Franklin Inst., 202, 693 (1926). 

3 C. M. Slack, J. Optical Soc. Arn., 18, 123 (1929). 

'‘II. M. Hoffmaa and F. Daniels, J. Biol. Chern., 116 , 119 (1936). 

® J. G. Trump, R. J. Van do Graaff and R. W. (Moiid, Am. J. Roentgenology Radium 
Therapy, 43 , 728 (1940). 
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analogy with a check valve, which allows water or other fluid to flow 
in one direction through it, but not in the other. 

Kenotrons are widely used in the electric circuits that are provided 
to supply the high voltage for x-ray tubes. High-voltage rectifier 
tubes have had a history generally parallel to that of the x-ray tube. 
In the days of gas-filled x-ray tubes, there were gas-filled high-voltage 
rectifier tubes, but these have been supplanted by the hot-cathode 
type, much as gas x-ray tubes have been supplanted by Coolidge-type 
tubes. 

The outer glass envelope of a kenotron is much like that of an unpro- 
tected (nonshockproof) x-ray tube designed for the same voltage. The 

cathode is decidedly different, how- 
ever. It is not intended to focus the 
electrons it emits but only to emit 
them, and it is intended to emit 
them in much greater profusion than 
an x-ray tube filament. Conse- 
quently, the cathode consists of a 
large rugged tungsten filament that 
usually requires about 150 watts 
merely to keep it hot enough to emit ; 
12 amp. at 12 volts is a common 
requirement. The elecd-rodes are 
usually constructed according to one 
of two general plans, i-epresented 
schematically in Fig. 7-7A and B. In arrangement A , the catht)de filament 
F is surrounded by the anode jS in the form of a hollow cylinder of some high- 
melting-point sheet metal like tantalum or molybdenum. In arrange- 
ment B, the filament F is supported in a circular zigzag arrangement 
above or below the anode, which is merely a flat circular disk of high- 
melting-point sheet metal. In general, type A is used when the inverse 
voltage applied to the kenotron does not exceed 100 kv. or so, and type B 
is used for the higher voltages, but exceptions to this arc numerous. 

The anode is intended merely to collect the electrons emitted by the 
cathode and is therefore sometimes called the “collector." The filament 
should be big enough and hot enough to emit several hundred milli- 
amperes, but such a current does not ordinarily flow. When the voltage 
is inverse, that is, when filament is positive and collectt>r negative, no 
current flows, even though this inverse voltage may be 100 or 200 kv. 
When the voltage is in the forward direction (filament negative and 
collector positive), electrons travel from filament to collector and a 
current flows. 

In an x-ray tube, the space current is said to be “emission limited,^' 
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Fig* 7-7* — The two common arrange- 
ments of the electrodes in kenotrons. 
{After Terrill and XJlrey; courtesy of D, Van 
Nostrand Company, Inc.) 
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while in a kenotron the current is space charge limited,” as in most 
radio vacuum tubes. The emission of a kenotron filament is so great 
that the current is limited by the external circuit, perhaps by an x-ray 
tube or by the back voltage built up in a condenser, for example. Never- 
theless, in order to make any current flow through a kenotron, some 
voltage is necessary. Suppose the collector is 1 volt positive -with 
respect to the filament. Then if the filament is big enough and hot 
enough to emit 500 ma. according to equation (2-2), will 500 ma. flow? 
The answer is no. The reason is that the cloud of electrons on their way 
from filament to collector carries such a large negative charge, called 
a “space charge,” that the electrons behind them at the surface of the 
filament are shielded from the positive charge on the collector. Hence 
the emission is greatly reduced and is said to be space charge limited, 
although in high-voltage x-ray supply circuits the real limitation on the 
current flow is in the external circuit, as mentioned above. 

In rectifying high-voltage alternating current, during the forward 
portion of the cycle when the current flows through the kenotron, the 
transformer may be supplying an e.m.f. of perhaps 200 kv., which is 
balanced by a potential drop of 198 kv. across the x-ray tube and 2 kv. 
in the kenotron. Or if a high-voltage condenser is being charged, the 
current through the kenotron may be ciuite large at first while the con- 
denser is nearly uncharged ; but as tVie condenser rapidly charges, its back 
voltage quickly checks the current. In this case, the forward potential 
drop across the kenotron may reach a high value momentarily during 
the first part of the charging quarter cycle, but the average drop in the 
forward dii*ection (while current is flowing) for a complete cycle will not 
exceed a few kilovolts if the circuit is properly designed and operated. 

In view of the possibility of momentai-y forward potential drops 
of several kilovolts across kenotrons, it is possible for them to generate 
soft x-rays under certain conditions. It is therefore strongly advisable 
to c.luH'ik this by placing small wrapped-up x-ray films in their vicinity 
as suggested in (^hap. 10. If x-rays are detected, it may be possible to 
eliminate them by increasing the filament heating curi'ent. If the full 
1 ‘ated heating current is reached and x-i’ays are still being generated, then 
the kenotrons should be surrounded with ^j^e-in. sheet lead to protect 
those in the viconity. The lead must not be close enough for the high 
voltage to spark across to it or set up a corona discharge; but, aside 
from this limitation, it should be as close to the tubes as practical so as 
to economize on the lead I’oquired and at the same time all ord adequate 
protoc.tion. The life of a kenotron is greatly reduced and excessive 
and dangerous x-rays are generated if the filament current is so low 
that the tube operates emission limited continuously. 

One manufacturer gives the following data for a particular type and 
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size of kenotron: If the tube current is never to exceed 30 ma., then 11.8 
amp. of filament heating current at 12.0 volts is sufiftcient. By increasing 
this to 16.0 volts and 14.0 amp., the kenotron will carry a full ampere, 
not continuously, but during the early stages of charging a condenser, for 
example, probably without generating x-rays enough to require protec- 
tion with lead. The kenotron tube life will be much shorter with its 
filament as hot as this than if it could be operated at the lower tempera- 
tures, for example with a filament heating drop of 12 volts. The col- 
lector should not become red-hot in service. If it does, the tube is 
probably operating emission limited. 

Kenotrons are rated, first, for maximum inverse voltage. A 200 kv.p. 
kenotron will safely withstand a maximum (not r.m.s.) voltage of 200 kv. 
when the filament is positive and collector negative, without passing any 
appreciable current. High-voltage kenotrons are longer and larger than 
those for lower voltages. They are rated next for the maximum electron 
current they will safely carry in the forward direction. The filaments are 
usually heated from a transformer, and the volts and amperes required 
for this are stated in the usual r.m.s. values. Transformers for heating 
kenotron filaments must be of a special type and will be discussed in the 
next section. 

7. Filament Transformers. The filaments of Coolidge-type x-ray 
tubes and cathode-ray tubes (see Sec. 6) usually require 3 or 4 amp. at 
about 6 volts to heat them, and kenotron filaments usually require 
12 to 15 amp. at 12 to 16 volts. At first thought, a transformer to 
supply these requirements seems very simple and ordinary. However, 
in most cases, the x-ray tube, cathode-ray tube, or kenotron will be 
placed in a high-voltage circuit arranged in such a way that the filament 
will be at a high potential above or below ground. 0)nse(iucntly, if an 
ordinary transformer were used to heat it, the high voltage would jump 
across from its secondary to its primary, which is of course c-onnetd-ed 
to an ordinary commercial power line at ground potential. 

Therefore the primary and secondary windings of such a transformer 
must be insulated from each other to withstand 100 or 200 kv. or what- 
ever the maximum filament potential may be in the ])arti(ailar circuit 
used. Such transformers are manufactured commerdally, usually 
with the windings immersed in transformer oil contained in a dosed 
metal case, with the filament leads brought out through a high-voltage 
insulator bushing. 

Filament transformers are one item of equipment that can often he 
built more cheaply in an ordinary shop by unskilled woi'kmen than 
they can be bought factory-made. A common homemade type is shown 
in Fig. 7-8. The primary P has a core C built up of strips of transformer 
(silicon) steel, 29 gauge, 2 or 3 in. wide, and 8 or 10 ft. long. The core 
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will be an inch or so thick when completed. Wrapped around the core 
and insulated from it (for 220 volts) is the primary winding W, of copper 
wire, about 16 or 18 gauge. The secondary is a ring interlocked with 
the primary ring. It consists of a few (20 to 50) turns of heavy (6 to 
8 gauge) copper wire. The two rings should be of equal inside diameter, 
and the radius of each should be larger than the 
minimum air gap that the high voltage will 
jump, figured for, say, 2-in. spheres. When 
completed, the two rings are supported at right 
angles to each other with maximum clearance 
between rings by fastening them with tape or 
cord to a wooden support made of well-seasoned 
shellacked wood free from nails or screws (see 
Fig. 7-26). 

It is not difficult to design such a transformer 
in a few hours with the aid of a 25-page pam- 
phlet by Herbert B. Brooks, entitled “Informa- 
tion for the Amateur Designer of Transformers 
for 25 to 60 Cycle Circuits’’ available from the 
Superintendent of Documents, Washington, 

D.C. Such a transformer should cost about $50 for material and labor, 
whereas factory-built oil-immersed ones usually cost from $200 up. 

In the case of x-ray tubes and cathode-ray tubes, the filament heating 
current is controlled by a rheostat in series with the primary of the 
transfoi*mer, plus any voltage regulator that may be incorporated to com- 
pensate for fluctuations in the line voltage. With kenotrons, the trans- 
former should be designed exactly to meet the filament requirements, so 
that the primary may be connected directly to the power line and the 
secondary directly to the filament without any rheostats. After such a 
transformer is built, it may be found that the primary requires 230 volts, 
for example, instead of the 220 it was intended to use, in order to supply 
the kenoti’on filaments with the correct voltage and current. This small 
discrepancy may be corrected by energizing the primary of the filament 
transformer from properly chosen taps of the auto transformer, which is 
nearly always used for regulating the main transformer primary voltage 
(see Sec. 12). 

An unsatisfactory alternative to the filament transformer is the 
insulated storage battery. X-ray tubes may have their filaments 
heated by a storage battery and rheostat, both mounted on a special 
highly insulated pedestal, the rheostat being controlled by means of a 
long glass or Bakelite rod. If the tube is operated only in the daytime, 
the battery or batteries may be charged during the night. Kenotron 
filaments require so much power that battery heating is impractical. 



Fig. 7-8. — Showing con- 
struction of simple home- 
made filament transformer. 
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8. Mechanical Rectifiers. As an alternative to the high-voltage 
vacuum-tube rectifiers discussed in Sec. 6, there is the mechanical high- 
voltage rectifier. In Fig. 7-9, suppose the sine wave represents the 
alternating high voltage between the terminals of the secondary of a 
step-up transformer. If this is to be used to operate an x-ray tube, it 
might be connected directly to the tube, thus required to rectify its own 
current. In this case, the tube would generate x-rays only during the 
intervals PQ, RS, TU, etc., and remain idle during the intervals QR, ST, 
etc. Furthermore, during the intervals PA, BQ, RE, FS, TI, JU, etc., 
the average voltage applied to the tube would be low so that the principal 
product during these intervals would be heat in the target, rather than 
x-rays. X-rays would be generated chiefly during the intervals AB, 
EF, IJ, etc. 



Fio. 7-9. — Illustrating mechanical rectification of high voltage. 

Next, suppose that an ordinary reversing .switch is placed in the 
high-voltage line between transformer and tube. One may imagine such 
a switch left open from P to A, closed at A so as to make the cathode 
negative, and left closed to B ; opened from B to C, closed in the reverse 
direction at C (but since the transformer voltage has meanwhile reversed, 
too, the cathode will again be negative), and left closed to D; opened 
from D to E, closed in the first direction from E to F, opened from F to 
G, closed in the reverse direction from G to H, etc. Such a procedure 
would cause the x-ray tube to generate x-rays efficiently during the 
intervals AB, CD, EF, GH, IJ, etc., and to spend the remaining time 
cooling off, and at no time would it be subjected to an inverse voltage. 

If a switch is to be manipulated 240 times each second, it is obvious 
that the usual hand-thrown knife SAvitch must be modified to some form 
such as a commutator and brush arrangement. Furthermore, if the 
switch is to be operated in synchronism with the alternations of the 
(60-cycle, say) power supply, it must he driven by a syn<dn-onous eU^ctric 
motor energized from the same a.c. supply. In addition, if the switch 
is connecting and disconnecting circuits in which the potentials are many 
kilovolts, the various poles and switch arms or segments must be well 
insulated and adequately separated from each other and from the driving 
motor, and they should be free of edges, corners, and points, to reduce 
corona loss. Such a rotary mechanical full-wave high-voltage rectifier 
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for x-ray circuits is commonly called a “Snook rectifier” because the 
first one was supposedly built by C. S. Snook in 1908. 

Such rectifiers are driven at 1,800 r.p.m. or 30 r.p.s. (revolutions per 
second) for 60-cycle alternating current, and they have four arms or 
disks that come into close proximity (say in.) at their periphery with 
eight stationary metal shoes. The high voltage used jumps these 
small gaps almost as easily as if actual contact were made, as in a com- 
mutator and brush arrangement, although the gaps do introduce a high- 
frequency ripple which is superimposed upon the 120-cycle pulsating 
direct current supplied to the tube. 

Although Snook rectifiers are noisy ozone producers with moving parts 
and are not well adapted to circuits using condensers to smooth out the 
pulses, they are rugged, dependable, and comparatively inexpensive. 
They are used fairly widely in radiographic and therapeutic work with- 
out condensers as full-wave rectifiers furnishing pulsating direct current. 
Mechanical rectifiers are seldom used in x-ray circuits including smooth- 
ing condensers (see Sec. 11c), because in such cases the timing of the 
rectifier must be carefully adjusted to avoid destructive surges. When 
this is accomplished for a given load, then an increase or decrease in the 
load usually results in surges again. Hence such an arrangement is not 
recommended except where a Snook rectifier is already available and the 
work will not require wide variations of tube current and voltage. 

9. Main Transformers. Modern practice is to use high-voltage 
transformers as the high-voltage supply for x-ray tubes, perhaps with 
auxiliary equipment such as rectifiers and condensers to rectify and 
smooth the tube voltage. Early workers used induction coils supplied 
with direct current through an interrupter, but such equipment is now 
obsolete. Some precision work, such as the determination of h/e from 
the Duane-Hunt limit, for example, may warrant the use of such remark- 
able devices as a 50,000-volt storage battery to supply an x-ray tube, but 
at least 99 per cent of the world’s x-ray tubes are energized from trans- 
formers today. The Van de Graaff generator*^ may offer the transformer 
some future competition, but as yet it is only a threat. 

Most x-ray ti'ansfoi*mers are single-phase iron-coi-e transformers 
with the windings immersed m oil in a metal tank for insulation. In the 
United States, 60 cycles is the most common frequency, but higher 
frequencies such as 500 or 2,000 cycles/sec. are often used, the primary 
being supplied with these higher frequencies from a motor generator set. 
The use of higher frequencies permits the use of smaller (hence cheaper) 
high-voltage condensers for filtering out the a.c. ripple. 

The center of the high-voltage secondary winding is usually grounded 
to the transformer tank or case so that, if it is a 200 kv. transformer, the 

^ J. G. Trump and R. J. Van de Graaff, J . A-pplied Phys., 8, 602 (1937). 
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secondary leads can be brought outside the tank through two insulator 
bushings, each designed for 100 kv. An end-grounded transformer, in 
which one end of the secondary is grounded to the tank and the other 
brought out through an insulator bushing designed for the full trans- 
former voltage, is much less common and more expensive. If end 
grounding is necessary, it is possible to use a mid-grounded transformer 



Fia. 7-10. — General Electric 2-million- volt x-ray unit. {Courtesy of General Electric. X-ray 

Corporation.) 

and set it on an insulated table, supplying the pilmary winding witli 
110 or 220 volts a.c. obtained from a “cascading transformer,” or “ insulat- 
ing transformer.” A cascading transformer is usually a 1 to 1 trans- 
former in which the primary and secondary windings are insulated 
from each other for high voltages, as in a filament transformer. 

X-ray transformers are usually rated primarily for the peak kilo- 
volts (not r.m.s. volts — see Sec. 4g) they are designed to supply. There 
is ordinarily little if any difference between one designed to supply 5 ma. 
and one designed to supply 25 ma., for example, because the finest wire 
that it is practical to use in the secondary winding (No. 40) has a safe 
current-carrying capacity of some 260 ma. 
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In such equipment as the new million-volt and 2-million-volt General 
Electric designs (see Fig. 7-10), the conventional arrangement is not used.^ 
The million-volt unit uses an end-grounded air-core transformer, insulated 
in a tank containing Freon (CCI 2 F 2 ) under pressure, and the secondary 
winding, which is built to enclose the x-ray tube, is provided with 11 inter- 
mediate taps for distributing the voltage evenly along the multisection tube 
(see Sec. Ah). The transformer is built so as to resonate at a frequency 
of 180 cycles and is provided with primary voltage of this frequency from 
a motor generator set. The high-voltage end of the secondary is pro- 
vided with an auxiliary winding to heat the x-ray tube filament, the 
current being regulated by a variable reactor controlled by means of a 
long glass rod rotated by a small filament-control motor. The newer 
2-million-volt model follows the same general design. 

A few of the larger manufacturers of x-ray transformers and associated 
control equipment in the United States, in alphabetical order, are 

General Electric X-ray Corp., Chicago, 111. 

Kelley-Koett Mfg. Co., Inc., Covington, Ky. 

North American Philips Co., Inc., New York, N.Y. 

Picker X-ray Corp., New York, N.Y. 

Westinghouse Electric & Mfg. Co., X-ray Division, Baltimore, Md. 

Others may be found in MacRae^s Blue Book or Thomas's Register 
of American Manufacturers. 

10. Shockproof Cables. Shockproof tubes have already been dis- 
cussed in Sec. Ad. There is no advantage in making a tube shockproof 
if exposed wires carrying high voltage are to be attached to it. In some 
cases, the x-ray tube and the main transformer are both enclosed in one 
metal container so that only low-voltage wiring is needed outside the 
container. This results in a heavier, bulkier, less flexible unit than a 
shockproof x-ray tube alone. 

For voltages up to 250 kv., it is common practice to transmit the 
high voltage to a shockproof x-ray tube through shockproof cables. 
These are cables having an outer flexible metal sheath that is grounded. 
The high-voltage wire passes through the center and is insulated from 
the metal sheath by some material such as rubber or oil-impregnated 
varnished cambiic. The metal sheath is usually made of stranded 
woven wh-e braid. The diameter of such cables is surprisingly small. 
It does not exceed If in., even for a 220-kv. tube. Of course, such tubes 
are nearly always operated mid-grounded, so that the cable insulation is 
required to withstand only half the tube voltage. The cables are 
ordinarily several feet long, and with a length as great as this their 

1 E. E. Gharltoii and W. F. Westendorp, Gem. Elec. Rev., 44, 654 (1941) (l-mlllion- 
volt unit); Electronics, 17, 128 (December, 1944) (2-million-volt unit) Science Nevjf. 
Letter, Oct. 14, 1944, p. 243, Oct. 21, 1944, p. 263. 
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flexibility is quite satisfactory. Occasionally they fail electrically in 
service but one manufacturer claims that in severe industrial work the 
need for replacement averages less than 2 per cent per year. 

Such cables, consisting of two conductors separated by a dielectric, 
introduce an appreciable capacitive load on the high-voltage power 
supply. This may decrease the power factor slightly and so impose a 
somewhat higher thermal load on the transformer, but Rogers^ has 
found that in such cases the x-ray output is increased more than enough 

to offset this. The capacitive 
effect of the cables on the x-ray 
output rarely exceeds a few per cent 
and often increases it. The effect . 
depends upon the cable length, the 
voltage, the current, and the type 
of high-voltage circuit used. 

11. A Few Common Circuits. 
In high-voltage circuits, brass tub- 
ing having a diametei* large enough 
to pi’event corona loss is the usual 
conductor playing the role of wire in low-voltage circuits. 

a. Self-rectifying Circuit. The simplest circuit is one in whic;h the 
secondary of the transformer is connected directly to the x-ray tube, as 
shown in Fig. 7-11. In the case of diffraction tubes, such a circuit is 
usually end-gi-ounded at A, the anode end. In other cases, the circuit 
is usually mid-grounded (at B) . The tube rectifies its own current. 

The advantages of the circuit are its simplicity, compactness, and 
low cost. There are four disadvantages. First, the full voltage for 
which the tube is designed cannot be usefully realized. If this voltage is 
140 kv., for example, then the e.m.f. developed in the transformer 
secondary will be applied to the tube on the inverse portion of the cycle, 
when no current is flowing, and this must not exceed 140 kv. During 
the useful portion of the cycle, then, when current flows through the 
circuit, the internal impedance of the transformer seccjiidary subtracts 
itself from the e.m.f., leaving perhaps only 130 or 135 kv. as th<i inaximuin 
realized at the tube. Second, the tube is idle half the time, during the 
inverse half of each cycle. This is characteristic of any <;ircuit that gives 
only half-wave rectification. In order to maintain an average direc*.t 
current through the tube of 5 ma., the average during the forward 
half of the cycle must be 10 ma. This, combined with the cfTcnds of 
high inverse voltage, accounts for the third disadvantage, whi<di is a 
reduction of the length of the life of the tube as compared with that 
realized with various other circuits. Fourth, during the forward portion 
^ T. H. Rogers, Radiology, 32, 202 (1939). 
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Fig. 7-11. — Self-rectification. 
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of the cycle, the average voltage on the tube is only 2/x, or 63.6 per cent 
of the maximum reached during the forward half cycle, this maximum 
in turn being necessarily less than the rated tube voltage. Thus the 
average useful voltage is only a little over half the rated tube voltage. 
Consequently, the x-ray production is inefficient [see equation (3-11)]. 

h. Primary Rectification. In 1930, Kearsley^ described a circuit that 
is rather widely used today. It alleviates to some extent the first, 
third, and fourth disadvantages of the self-rectifying circuit mentioned in 
Sec. lid. 

This circuit is shown in Fig. 7-12. R is a tube rectifier of the Tungar^ 
or Rectigon^ type. This type of tube is designed to rectify much larger 
currents than a kenotron (Sec. 6) at a much lower voltage. Instead of 
a high vacuum, it contains argon 
at a pressure of about xV atm. The 
cathode is a rugged tungsten fila- 
ment, as in a kenotron, but the 
anode is usually made of graphite. 

The argon positive ions neutralize 
most of the space charge discussed 
in Sec. 6, permitting the passage of 
a heavy current with only small loss. 

A Tungar or Rectigon tube will with- 
stand an inverse voltage of only a 
few hundred vt)lts; a higher voltage 
causes the argon to break down, 
and an ar<i discharge in the wrong 
direction i-esults. This limitation 
is no handic-ap when the tube is 
used in a 1 10- or 220-volt circuit as shown in Fig. 7-12. A slight 
voltage (say 10 or 20 volts) is also required to start the current in the 
normal dii-ec.tion because it is really carried through the tube in the form 
of an arc discharge. A typical tube has the following characteristics: 
filament heating voltage, 2.2; filament heating current, 18 amp.; maxi- 
mum tube (iurrent (in forward direction), 6 amp., maximum voltage 
drop in forward dire(dion, 90; maximum inverse voltage, 375; over-all 
length of tube, 6x in. 

In Fig. 7-12, it is necessary to connect the rectifier R and the x-ray 
tube X so that the ciu’rent flows in both on the same half wave; that is, 
the anodes of both tubes must have the same polai-ity at the same 
instant. Kearsley gives the following figures regarding the operation 

1 W. K. Koarsley, Gen. Elec. Rev., 33, 572 (1030). 

Tungar is a trade name used by th<i General lOlectric Company, and Rectigon 
is a trade name used by Westinghouse Electric & Mfg. Co. 



Fi Cl. 7-12. -Pri in ary rectification. 
(^Kearsley J) 
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of the x-ray tube in this circuit, as compared with the simple circuit of 
Fig. 7-11; 

Without the rectifier (Fig. 7-11), in order to obtain a useful tube 
voltage of 86 kv. at an average tube current of 30 ma., the tube had to 
withstand an inverse voltage of 92 kv., whereas with the rectifier (Fig. 
7-12) the inverse voltage was only 87.5 kv. at 30 ma. Or whereas the 
circuit of Fig. 7-11 would produce a tube current of only 30 ma. without 
dropping below a useful voltage of 85 kv. forward and 92 inverse, the 
circuit of Fig. 7-12 produced a tube current of 80 ma. at 85 kv. useful 
and 91 inverse. 

Oscillograph tracings of the primary voltage and current and second- 
ary current, obtained by Kearsley, are shown in Fig. 7-13. Although 



Fig. 7-13- — Oscillogram from Kearsley Fig. 7-14. — The principle of the inec.hani- 

circuit (Fig. 7-12). A, primary voltage, cal rectifier. 

240 V. B, primary current, 50 amp. C, 
secondary current, 80 ma- 

this circuit reduces the difference between inverse and useful voltage, 
increases tube life, and brings the average forward voltage ncai'er to the 
maximum forward voltage, as compared with the circuit of Fig. 7-11, it 
still leaves three things to be desired: (1) elimination of inverse voltage; 
(2) elimination of idle time on the inverse half cycle; (3) the average 
useful forward voltage should be closer to the maximum voltage for 
which the tube was designed so as to increase the efficiency. 

This circuit may be operated either mid-grounded or end-grounded, 
but in the latter case the transformer must be designed for such scrvi(;e, 
or a cascading transformer must be provided (see Sec. 9). 

c- Mechanical Rectification. The Snook-type rectifier has already 
been discussed in Sec. 8. It is mentioned again here because it is a 
practical alternative to the various tube circuits to be discussed in this 
section. The essentials of the Snook circuit are shown in Fig. 7-14, 
where >S is a synchronous high-speed high-voltage reversing switch. 
It should be kept in mind that it is a full-wave rectifier, eliminating all 




Sec. 11] 


X-RAY GENERATING EQUIPMENT 


131 


inverse voltage and using the most efficient part of each half cycle. 
The average useful voltage is a large fraction of the maximum voltage, 
although the tube is idle more than half the time. 

d. The Villard Circuit. The Villard circuit is the first ^‘voltage- 
doubling” circuit that has been mentioned, A voltage-doubling cir- 



Fxg. 7-15. — Villard cii-ouit with one valvo. 



cuit is one in which the voltage applied to the x-ray tube has a peak 
value approximately twice the maximum supplied by the transformer. 
Although the Villard circuit is very old, being first devised in 1901,^ it is 
still one of the most popular. It is shown in its simplest form in Fig. 7-16. 

In practice, the single kenotron K is often replaced by two smaller 
ones, as shown in Fig. 7-1 (), in which case the wire between them is 
connected to the mid-grounded transformer case, as shown. Although 
the circuit of Fig. 7-l() is slightly more complex than that of Fig. 7-15, 
its action is easier to follow, and therefore it will be discussed first. 

1 P. Villard, J. Phyn., 3, 28 (1901). 
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Assume that T is a 100 kv.p. transformer. At the start of the a.c. 
cycle, points A and B are at the same potential. One quarter cycle later, 
A has a potential of —50 kv. and B a potential of +50 kv. with respect 
to ground. The electrons that flowed onto the lower plate of condenser 
Cl caused an equal number to flow off the upper plate by repulsion, and 
these flowed through the valve Kx. The electrons that flowed off the 
lower plate of condenser Cz caused an equal number to flow onto the 
upper plate, and these were supplied through the valve Kz. The poten- 
tial of the upper plates of Ci and Cs is approximately zero at the end 
of this first quarter cycle because the current has been flowing forward 
through the valves; under these circumstances they have low resistance, 
and both are connected to ground. The potential of the lower plates is 
of course —60 kv. for Ci and +50 kv. for Cz- During this first quarter 
cycle, the potential on the x-ray tube has remained approximately zero 
(actually, it may reach 2 or 3 kv. inverse, owing to the drop in the 
kenotrons). 

During the second quarter cycle, the lower plates of both condensers 
return to ground potential; but the upper plate of Ci is unable to regain 
its lost electrons, and the upper plate of Cz is unable to get rid of its 
surplus through the valves. Hence the end of the first half cycle finds 
the potential of the Cx upper plate +50 kv. and that of the Cz upper 
plate —50 kv.; a small part of the charge has leaked off through the 
x-ray tube, so that the true values are perhaps +48 and —48 kv. 

During the third quarter cycle, the potential of the lower plate of Cx 
rises to +50 kv., and that of the lower plate of Cz drojjs to —50 kv. 
Since the valves remain closed to inverse currents, the potential of the 
upper plate of Ci rises to approximately +100 kv. (actually, perliaps 
+92 kv. owing to leakage through the x-ray tube), and that of tlie upper 
plate of Cz drops to approximately —100 kv. At this instant, the 
potential drop across the x-ray tube is therefore nearly 200 kv., or 
approximately twice the full transformer voltage. 

During the fourth quarter cycle, the potentials of the lower condenser 
plates return to zero. At the same time the potential of the toj) plate 
of Cl drops to perhaps +44 kv., and that of the top plate of Cz rises to 
perhaps —44 kv. 

During the first quarter of the next cycle (and all succeeding cycles) 
the potential of the lower plate of Ci drops, and that of the upper {date 
drops with it, but no current will flow through the valve until the potential 
of the upper plate drops to zero or below, when the lower ])late potential 
will be, say, —42 or —43 kv. A similar statement applies to Cz- During 
the remaining small part of the first quarter cycle, the condensers are 
recharged to a potential difference of 50 kv. each. 

From this detailed account, it is seen that the x-ray tube voltage and 
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current and the condenser-charging current will be functions of time 
somewhat as represented in Fig. 7-17. It will be noted that the x-ray 
tube experiences one voltage pulse per cycle. 

This circuit thus accomplishes several desirable objectives. (1) 
Very high tube voltages can be obtained with a transformer of moder- 
ately high voltage because of the voltage-doubling feature. This 
reduces transformer cost, perhaps nearly enough to pay for the valves 
or the condensers. (2) The tube is idle only about a quarter of the 
time. (3) The tube is subjected to practically no inverse voltage, and thus 
long tube life is realized. The average forward voltage is not very 
high, however, being only about half the peak; more heat and less x-rays 
are therefore generated in the tube than in an ideal circuit. 



Kig. 7-17. — “Wave forms for the Villard eireuit. {After Sarsfteld; courtesy of Chapman & 

Hally Ltd.y London,) 


In the circuit of Fig. 7-lG, each condenser and each kenotron must 
withstand the full transfoi’iner voltage, and the x-ray tube must with- 
stand twice this voltage. In the circuit of Fig. 7-15, the kenotron must 
withstand twice the full transformer voltage. 

This circuit has been analyzed in detail be(;ause it is one of the more 
difficult ones to understand and because it is frequently used. The 
detailed analysis of the other circuits to he mentioned may be worked 
out by using the above analysis of the Villard cii’cuit as an example. 

c. 'Fhc Greinacher Circuit. Tliis (dreuit is shown in Fig. 7-18 and is 
sometimes calhid the “Ija Tour (dreuit.'^ Several of these circuits may 
be arranged with the condensers in series to build up a very high voltage. 
The Greinadier cinuiit is also a voltage-doubling circuit. It is the first 
circuit yet mentioned that, furnishes high voltage ai:>proaching c.p.d.c. 
as distinguished from pulsating direct current. The transformer must 
be of the end-grounded type, however (or else set on an insulating stand 
and its primary fed through a cascading transformer) ; hence no large 
saving in transformer cost results from the voltage-doubling features. 
Two kcuiotrons are recpiired and two condensei's. The latter need with- 
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stand only the transformer voltage, but the former must take the full 
doubled x-ray tube voltage. 

The curves representing the approximate variation of the tube voltage 
and current, condenser voltage and current, and transformer voltage 

as a function of time are shown in 
Fig. 7-19. It will be noted that the 
tube cathode voltage is boosted to 
maximum negative value once each 
cycle and the tube anode voltage 
is boosted to maximum positive 
voltage once each cycle; but these 
boosts occur on alternate half cycles 
so that the tube voltage as a whole 
is boosted twice per cycle, as in a 
full-wave rectifier. The rate at 
which the tube voltage dies down 
between boosts is directly propor- 
tional to the x-ray tube current and 
inversely proportional to the capac- 
ity of the condensers. The time 
permitted for this dying down of the 
tube voltage (and hence the amount 
of the tube voltage ripple) may be reduced by using a higher frequency, 
for example from a motor generator set. This circuit, used at a high fre- 
quency (say 500 or 1,000 cycles) with high-capacity condensers is a good 
source of c.p.d.c. for ariy ordinary type of x-ray work. 



Fig. 7-1 9* — Wave forms for the Greinacher circuit. (After Sarsfield; courtrsy of (^hafmuin <& 

Hall, Ltd,, London,) 

To figure the amount of the ripple, the following method is reasonably 
accurate: Suppose the condensers Cx and Ca (Fig. 7-18) each have a 
capacity of ^ microfarad (juf) and that T is a 100-kv.p. transformer, the 
x-ray tube X operating at 200 kv. and drawing 6 ma. When one of the 
condensers is fully charged, its charge will be 

Q = CV — 0.5 X 10“® X 10® = 0.05 coulomb, 



Fig. 7-18. — Greinacher circuit. 
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if the forward potential drop in the kenotrons during the charging of 
the condensers is neglected. If the equipment is energized from a 
60-cycle power line, both condensers will experience a discharge current 
of 6 ma. for -rhs sec. before one of them is recharged. This current for 
this time is a quantity of electricity q = It = 0.006 X xirr = 5 X 10~® 
coulomb. The fraction of its total charge lost by each condenser is 
then q/Q = 5 X 10“'* -=- 0.05 = 0.001 = 0.1 per cent. This means that 
the voltage of each condenser will drop 0.1 per cent during a half cycle, 
after which one of them is recharged. Then they both die down 0.1 
per cent during the next half cycle, after which the other is recharged. 
Hence the x-ray tube voltage will have a 120-cycle 0.1 per cent ripple 
under these conditions, or it will vary between 200,000 and 199,800 
volts 120 times per second. For ordinary purposes, this is c.p.d.c. If 
the tube current is increased to 12 ma., then the tube voltage will drop 
to 199,600 volts 120 times per second, but this is still only a i per cent 
ripple. 

Perhaps ^if is a rather high capacity for 100-kv. condensers, which 
are rather bulky and expensive. The example just given shows that, 
for a given tube current, the alternatives to high-capacity condensers 
are to increase the frequency or else tolerate a larger ripple. The usual 
method of increasing the frequency is to use a motor generator set, but 
a considerable amount of condenser capacity can be bought for the price 
of a motor generator set. If the power-line voltage is subject to large 
fluctuations, there is another reason for desiring a motor generator set, 
however, namely, to provide voltage stabilization (see Sec. 15). 

The Greinacher circuit overcomes all but one of the shortcomings 
mentioned in part a. It makes full use of the maximum tube voltage 
rating; the tube is never idle during any part of the operating cycle; 
and the average operating voltage is almost identical with the maximum 
so that the x-ray tube operates very efliciently (produces more x-rays 
and less heat). In regard to the last point, a Greinacher circuit oper- 
ating at 200 kv. and 5 ma. will produce about the same result in radio- 
graphic work as the circuits shown in Figs. 7-11, 7-12, 7-14, 7-15, and 
7-16 operating at 200 kv.p. and from 8 to 14 ma. 

Surprisingly, however, x-ray tube life is often shorter when the tube 
is used on steady direct current of this type than when it is used on 
pulsating direct current as in a Villard circuit or with a Snook rectifier. 
Tube manufacturers often spetnfy two ratings for their tubes, for example 
220 kv.p., 20 ma., in rectified circuits like those shown in Figs. 7-14 
and 7-15, but only 200 kv., 18 ma., for c.p.d.c. This is partly a matter 
of heat dissipation. A Villard circuit operating at 200 kv.p., 20 ma., 
is really supplying only about 2,000 watts to the tube because the average 
voltage is only about 100 kv., whereas a c.p.d.c. circuit operating at 



136 


X-RAYS IN PRACTICE 


[Chap. 7 


200 kv., 20 ma., is supplying 4,000 watts to the tube. Nevertheless, 
there are definite indications that the periodic “rest” a tube enjoys on 
pulsating direct current helps to prevent it from breaking down by 
relieving the tension at such short intervals that discharges and punc- 
turing surges do not have time to develop. 

/. The Gratz Four-valve Full-wave Circuit. The straightforward way 
to obtain full-wave rectification with kenotrons is to use a Gratz circuit, 




which is shown in Fig. 7-20 (the dotted lines are disregarded for the 
time being). The functioning of this circuit is obvious. When A is 
-f- and jB is — , current flows through valves 1 and 2, making P and 
Q — . On the alternate half cycle when A is — and /:? is -h, (uirrent 
flows through valves 3 and 4, so that P is still -h and Q is still — . The 
x-ray tube voltage then has the form indicated in Fig. 7-21. 

By providing two condensers, each good for half the tube voltage 
(Fig. 7-20, dotted lines), or one condenser, good for full tube voltage, 
and shunting it (or them) across the tube, the pulses of Fig. 7-21, which 
occur twice per cycle, may be smoothed out so as to obtain c.p.d.c. 
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The circuit requires four kenotrons (and hence four kenotron filament 
transformers), and each kenotron must be able to withstand a back 
voltage equal to the full x-ray tube voltage. The mid-grounded trans- 
former must generate full tube voltage, since this is not a voltage-doubling 
circuit. These facts account for the popularity of the Greinacher 
circuit. 

g. Two-tube Full-ioave End-grounded Circuit. A circuit that is well 
adapted for x-ray diffraction and especially for electron diffraction work 
(see Chap. 24) is shown in Fig. 7-22. Such work usually does not 



require potentials above about 50 kv., and it Is usually desired that 
the voltage be (uid-grounded at the positive end so that all the apparatus 
except the cathode will be at ground potcuitial. 

The i)ot(‘ntial supplied to the x-i-ay tul)e (or electron gun of the 
electron diffraction apparatus) is only half the transformer voltage; this 
might theiefoi'e be called a “voltage-halving*' cu'cuit. However, this 
disadvantage is not serious when only 50 kv. is desired, for used x-ray 
transformers designed for 100 kv. are fairly plentiful and cheap. The 
full-wave rectifying action of the kenotrons is easily followed from Fig. 
7-22; it will be noted that current flows through first one half of the 
ti-ansformer secondary and then through the other half. The kenotrons 
must each withstand the full transformer voltage (twice the tube volt- 
age), but the filament transformers for energizing the kenotron filaments 
need withstand only half the transformer voltage. 

For eUuitron diffracition work, which demands c.p.d.c., a smoothing 
(iondeuser C (Fig. 7-22) is necessary. Sin(;e such eciuipment usually 
draws only a fraction of a milliampere, the condenser need not have very 
high capacity. Moderate c.apacity is nevei-theless required, for such 
work demands nearly complete elimination of the ripple, which should 
amount to only 0.01 per cent or less. 
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For x-ray diffraction work, the condenser C is helpful but not neces- 
sary. Since the x-ray tube in diffraction work is sometimes operated 
continuously for scores or hundreds of hours at a time, the life of the 
kenotrons is a factor to be seriously considered. For this reason, a 
circuit of the type shown in Fig. 7-11 or 7-12 is commonly used for such 
work, since no kenotrons are required. 

h. Other Circuits. The most popular circuits have been mentioned. 
There are many other circuits that have been used in x-ray work, but 
they are less common and will not be described here.^ To mention an 
example, high voltages are sometimes built up by arranging the con- 
denser portions of several Greinacher circuits in series. Such a circuit 
is called a “Dessauer circuit.” 

Special circuits are used for special purposes. For example, a high- 
voltage high-capacity condenser is slowly charged and then instan- 
taneously discharged through a field-emission x-ray tube to obtain x-ray 
snapshots of bullets penetrating barriers, etc.^ 

12. Voltage and Current Control. Whatever high voltage circuit 
is used, some provision must be made for controlling the high voltage 
applied to the tube and also the low-voltage current that heats its fila- 
ment. The former is usually accomplished by using both an auto- 
transformer A and a rheostat R in the main transformer primary circuit, 
as shown in Fig. 7-23. Here, L is the single-phase power line (usually 
220 volts, sometimes 110 volts). For three-phase circuits, the reader 
is referred to the books by Sarsfield and by Terrill and XTlrey.' In 
Fig. 7-23, P is the connection to the primary of the main transformer, 
S is the main line switch, and X is the x-ray on-off switch, which turns 
on or off the high voltage to the x-ray tube without affecting any of the 
auxiliary circuits to tube filament, kenotron filaments, mechanical 
rectifier motor, etc. 

An autotransformer is an iron-core transformer that has only one 
winding, this winding being provided with numerous taps. The figure 
shows 13 taps, numbered from 0 to 12. The connection of one terminal 
may be shifted to any tap selected by means of the multiple switch M. 
If the main supply voltage is 220 and if it is connected to taps 0 and 10 
as shown, the voltages appearing between tap 0 and taps 1 to 12 might 
be, for example, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240, and 
260, respectively. 

By using both rheostat and autotransformer, a continuous cumtrol 


^ See, for example, L. G. H. Sarsfield, “Electrical Enginoerinf? in Radiology,” 
Hhapman & Hall, Ltd., London, 1936; or H. M. Terrill and C. T. XTlroy, “X-ray 
Technology,” D. Van Nostrand Company, Inc., New York, 1930. 

2 Seo footnote 2, p. 107; also, p. 296. 
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of the main transformer voltage up to the maximum rating is provided. 
Care must be exercised in applying the high voltage to an x-ray tube, 
especially if it is to exceed, say, two-thirds the 'maximum tube rating. 
If, while the switch JC is open, one sets the controls in such a position 
that the full rated voltage will be applied to the tube when the switch 
is closed and then closes the switch, the resulting surge is likely to injure 
or puncture the tube or damage some other part of the equipment. If 
no automatic device for applying the load gradually is provided in the 
circuit, one must be careful to keep the rheostat control N on tap 1 
when the switch X is open. Then, after the switch is closed, the rheostat 


JR 



Fig. 7 - 23 . — The usual moans of oontrolling the high voltage. 


control N may be shifted to the desired setting by a movement slow 
enough to requii'e a second or two. For the same reason, one must 
avoid shifting the multiple switch M while the equipment is operating 
at or near its rated voltage, for shifting from one autotransformer tap 
to the next involves an off-and-on operation, just as though switch S 
were opened and closed again at full load. If it is desirable to shift il'f 
with the load on, this should be done only while the rheostat control N 


is set on tap 1 or 2. 

The x-ray tube-filament heating current is controlknl by putting a 
rheostat or a variable inductance in series with the primary of its filament 


transformer. 

The voltmeter V in Fig. 7-23 indicates the primary voltage supplied 
to the main transformer when the switch is closed and the voltage 
supplied l^y the autotransformer when A" is open. The former value is a 
rough indication of the high voltage being su])plied to the x-ray tube. 
Thus, if the main transformer steps up the voltage approximately a thou- 
sand times, one may deduce that the tube voltage is roughly 180 kv. if 
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V reads 180 volts when X is closed. This is only a rough indication, 
for the following reasons: First, the magnetization curve for iron is not 
linear; therefore, it is ordinarily true that, if 30 volts is stepped up to 
30 kv. (at no load) by the transformer, then 230 volts will be stepped up 
in a different ratio (at no load), say to 210 kv. In addition to this, 
there is variation with load. For example, 180 volts on the primary 
may produce 180 kv. on the secondary at no load, but only 170 kv. at 
full load. 

13 . Meters. Two meters are practically essential for satisfactory 
work with x-ray equipment. One of these is the voltmeter V just 
mentioned in the preceding paragraph. Although the relation between 
the reading of this voltmeter and the high voltage supplied to the tube 
is not linear, and it varies with the load in addition, one can plot a curve 
showing the kilovolts peak supplied to the tube as a function of the volt- 
meter reading, the tube current being, say, 10 ma. throughout. A family 
of such curves for several different tube currents is desirable. 


The other essential meter is a milliammeter to read the x-ray tube 
current. In many instances, this meter must be placed in the high- 
tension circuit at a point that is at a high potential with respect to 
ground and so cannot be placed on the instrument panel. Since it 
must therefore be viewed from a distance in such cases, it shoiild have a 
large dial. There are some exceptions. For example, in the two-valve 
Villard circuit of Fig. 7-16, the milliammeter may be plac^ed in the high- 
voltage circuit at M, where it is grounded, and hence (uin be mounted 
on the control panel. 

The milliammeter used in such service should be as rugged and 
dependable as is obtainable, and it is essential to protect it from high- 
frequency ripples and surges. Milliammeters maniifactui-t^d for x-ray 
service are usually provided with condensers, chokes, gai)s, <it(\, inside 


the case to protect against surges and ripples, and special (construction 
may be employed to minimize the electrostatic forces iuctlug on the 
needle. This electrostatic effect arises because the met(cr is at high 
voltage (in most installations); a serious error from this cause is most 
likely to occur when the equipment is c.p.d.c. 

When an error in the milliammeter reading is likely to be ospeccially 
serious, as in therapeutic work, it is a good idea to use two meters in 
series, so that if a surge damages one the other will presumably be 
undamaged or else damaged to a different degree; in eithei- case the 
two meters will thereafter disagree, thus revealing the damage. The 
meter shtjuld be checked against a standard meter from time to time, 
a battery and rheostat being used. The standard meter should be used 
only for this purpose, never in the high-voltage circuit. 

If an ordinary milliammeter (not designed for x-i-ay usag(‘) is to be 



Sec. 14 ] 


X-RAY GENERATING EQUIPMENT 


141 


employed in experimental work, for example in an x-ray diffraction 
outfit, it should be protected against surges and ripples by some scheme 
like that of Fig- 7-24. Each side of the movement should be connected 
to the case by a condenser C\, C% of a few microfarads capacity. The 
two condensers in series thus shunt the movement. Further protection 
is provided by the resistors R\ and of about 5,000 ohms each and the 
neon lamp N. When the meter can be used at ground potential, as in 
a two-valve Villard circuit, its case should be well grounded. . 

Other auxiliary meters of much less importance may be included in 
the equipment. For example, an ammeter may be included to read the 
x-ray tube-filament heating current. With mechanical rectifiers, a 
meter may be used to show whether the synchronous driving motor has 



Kui, 7-24.— One niothod of iiro- Fig. 7-25. — Construction of a high-voltat^c 
tenting a niilliainruetor from liigli- filtering condenser, 

voltage surges. (After Sam/ield; 
courtesy of ChapTnan dfe HaU, Ltd.j 
London,) 


fallen into the corrcot synchronism so that the cathode will be negative 
and anode positive or whether it has fallen into the opposite, wrong 
synchronism. 

14. High-voltage Condensers. In Sec. 11, several circuits were 
describcHl that include higli-voltago {*.on(l(msers. Such condensers may 
be pundiased from x-ray etpiipment maniifactur<n‘s, such as General 
Electric, Kelley-Koet.t, Pic^ker, or Westingliouse, or from (iondenser 
manufacturers, such as Aerovox ( ^>rporation, New lledford. Mass., or 
Cornell-Dubilier ( Uirporation, South Plainfield, N.J., with d.c. ratings 
up to about 0.3 /uf at 100 kv. 

In tlui case of cinuiits for x-ray iliffraction or ehu’.tron diffraction 
work, where: tlie d.c.. volt, ages retiuir<‘d <lo not, (‘xcetnl 50 kv., it may be 
found that a homemade (rondciiiser is more suitable. For example, if a 
()0-cy{*lc supply is to be used, it may be d(M'.id(nl that a condenser with 
a capacity as high as 0.1 ^f dtvsirablc^. '^IMus may be built by stacking 
up two piles of glass plates alt(vrnating wit.h thin sheet metal. The glass 
may be ordinary plate glass } in. thi<^k and a))out 24 by 28 in. The 
metal used between should be soft and corrosion resistant, such as 
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copper, a tMckness of 0.005 to 0.010 in. being suitable. Alternate 
sheets of metal should have their connecting lugs Ti and placed at 
opposite sides of the pile as indicated in Fig. 7-25, where one sheet is 
outlined by dotted lines and the next one above or below it is outlined 
by solid lines. The overlapping portions are 1 ft. square, as indicated. 

The familiar formula for the capacitance of such a condenser is 


C = 


NeA 


(7-1) 


where N is one less than the number of metal plates in the condenser, 
€ is the dielectric constant of the glass, A is the area of the overlap of 
the metal plates (in square centimeters), and d is the thickness of the 
glass plates (in centimeters). Equation (7-1) gives the capacitance in 
c.g.s.e.s.u. of capacity. The capacitance in microfarads is given by 



N^A 

36 X low 


(7-2) 


If the capacitance is to be 0.1 ^Lif, one has 

3.6 X 10® X 3.14 X 0.63 , 

N = 6 X 900 ” approximately 

assuming that € = 6. A stack of 132 glass plates of this size is so heavy 
that the weight will crack the bottom ones. Therefore the condenser 
should be built in two stacks of 66 glass plates, each supported on a 
sturdy, fiat insulating platform and covered with a wood cover, free of 
nails, screws, or other metal, to keep out the dust. 

16. Voltage Stabilization. The power required to energize x-ray 
equipment is usually drawn from a commercial power line, although 
mobile equipment intended for field work may depend upon an electric 
generator driven by a gasoline engine. In some cases, the voltage of a 
commercial power line fluctuates slowly, and only a few per cent at 
most; in other cases, the fluctuation is rapid and amounts to several 
per cent. In the latter instance, some provision for voltage stabilization 
in the x-ray equipment is necessary for satisfactory work. For some 
types of precision work it is necessary even with a comparatively stable 
power line. In Sec. 2-5 it was stated that the electron emission from a 
Coolidge-tube filament (which controls the x-ray intensity) varies very 
rapidly with the filament heating current, the stabilization of this heating 
current being therefore most important. Next to this, the most impor- 
tant need is to stabilize the voltage impressed across the primary of the 
main transformer; for the secondary voltage varies with the primary 
voltage, and the secondary voltage determines the quality or hardness 
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of the x-rays. Stabilization of the quality of the x-rays is placed second 
to stabilization of their intensity because the latter may vary 10 per cent 
when the power-line voltage varies 1 per cent, whereas the tube voltage 
will vary only about 1 per cent for a 1 per cent line-voltage variation. 
In electron diffraction work, a 1 per cent variation in the voltage acceler- 
ating the electrons is more objectionable than a 10 per cent variation in 
the beam intensity; in this case, therefore, stabilization of the main 
transformer voltage is the primary consideration.^ 

One common method of stabilizing the voltage is to energize the 
equipment from a motor generator set, the motor being of the syn- 
chronous type. In most of the larger commercial power networks, the 
a.c. frequency is quite constant, so that a synchronous motor will run 
at constant speed regardless of any ordinary fluctuation of the line 
voltage. When such a motor drives an a.c. generator, a steady voltage 
is therefore generated. Of course the voltage at the generator terminals 
will decrease as the load imposed by the x-ray equipment itself increases, 
but this is not objectionable so long as the power rating of the motor 
generator set is not exceeded. The motor generator set is intended to 
prevent variations during an exposure when the controls are not being 
changed; and if its output is used exclusively to enorgizo the x-ray 
equipment, it will accomplish this purpovse. Tliat is, it will stabilize 
both the x-ray tube-filament heating ciirroiit and the high voltage 
supplied to the tube. 

An important feature of a motor generatoi’ set is that it may be used 
to change the frequency, also. For example, the f)0-cycle frequency of 
the power line may be converted to a GOO-cycle frequency, if desired. 
This would enal)le one to use high-voltage smoothing condensers having 
a capacity only one-tenth that required to achieve the same per cent 
voltage ripple at (>0 cycles. 

A motor generator set may thus accomplish three purposes: (1) 
stabilization of the tube voltage; (2) stabilization of the tube current; 
(3) change of frequency to permit smaller, cheaper smoothing condensers. 

The fii'st two purposes (but not the third) may be accomplished by 
using one of the “constant-voltage transformers” developed in recent 
years. This device has no moving parts and hence recpiires no attention 
or maintenan(;c, whei*eas a motor generator s(it does reipiire occasional 
attenti(m. One type of constant-voltage transformer manufactured by 
the Sola Electric Co., (Chicago, 111., has the charticteristics listed in Table 
7-2. The Sola catalogue describes the operating principle of these trans- 
formers, which are available at ratings up to 10 kilovolt-amperes. One 
model suitable for stabilizing the voltage supply to most x-ray outfits is 

^ See S. IT. Bauer, J. M. Ha.stitigs, and 1). P. MacMillan, Rev. Set. Instrunierits, 
14, 30 (1943). 
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rated at 5 kva., 190 to 250 volts primary, 230 volts secondary, size 
35-3- X 21-| X Of in., shipping weight 570 lb. 


Table 7-2. — Characteristics op 500-volt-ampere Constant-voltage Trans- 
former AT Full Load 


Input volts 

Input amperes 

Output volts 

Per cent efficiency 

95 

6.33 

114.5 

84.5 

100 

6.10 

115.0 

84.0 

105 

5.80 

115.4 

84.5 

no 

5.63 

115.4 

84.0 

115 • 

5.40 

115.7 

84.0 

120 

5.22 

115.7 

84.0 

125 

5.04 

115.4 

84.0 


If a high degree of stabilization is unnecessary or if the power line 
available happens to be exceptionally stable, one may need no stabilizing 
device. If the x-ray circuit is one that supplies pulsating direct current 
to the tube (not c.p.d.c.), the tube current (only) may be stabilized by 
means of a magnetic-relay type of stabilizer manufactured for this pur- 
pose. One common type is known as the “Kearsley stabilizer. 

The trend at present is to equip new installations with a filament 
current stabilizer, which operates without moving parts. These stabi- 
lizers contain inductances and capacitors and operate on a principle 
similar to that of the constant-voltage transformers already mentioned. 

16. Voltage -measuring Equipment. The simplest and commonest 
way of obtaining an approximate indication of the peak tube voltage ftjr 
plotting the calibration curve mentioned in Sec. 13 is by means of an 
adjustable sphere gap. One of these may be seen in Fig. 7-2(). 

The gap should be provided with a resistance in series with it that 
is capable of withstanding the full voltage and absorbing tlie energy 
when the gap breaks down. This resistor should have a value in olims 
about five or ten times the volts being measured. It is good practice to 
divide this resistance into two equal parts and put each half on opposite 
sides of the gap. Thus if one is measuring a voltage of the order of 
100 kv., a -J-megohm high-voltage resistor should be provided oti each 
side of the gap. The spheres for such a voltage should be about 5 in. 
or more in diameter, and each sphere should be supported from the side 
opposite the gap, at a distance at least twice its diameter from earthed 
bodies or supporting framework. 

The breakdown voltage of such a gap varies with the diameter of the 
spheres and the distance between them, and the voltage for a particular 
diameter and gap length may be found from tables^ for the case of air 

^ See A.I.L.L. ^^Staijdard. Niirnber 4” or Ij. W. Cliuhb and Porte.s(Tic, I'niTis. 
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Sec. 161 


at standard temperature (25°C.) and pressure (76 cm. of mercury). The 
breakdown voltage at other pressures and temperatures may be calcu- 
lated, it being known that it varies directly as the pressure and inversely 
as the absolute temperature for ordinary room temperatures and pres- 



b'lG. 7-2t). ('Jilihiiilod .Wn. Hplioro Kup for numsurinp; potoiitiiils up to 220 kv. 

ncath it in Hoori a filainoiit traanforiiicM- of the typo clcHonbcd in bee. 7. 


Unclor- 


sures. The humidity has only a very sliglit effect upon the break- 
down voltage. 

A ripple: on the main v'oltagc wave (in the case of nh.ernating ciuren 
or pulsating dinM-.t curn^nt,) will (;ause the gap to indii^ato a higluu- voltage 
than is actually <‘ITee.t,ive in producing x-rays in t,he tube. If there is 
doubt about the preseiure of su<*.h a condition, a cathode-ray oscillograph 
record of the wave form should be obtaine<l. When an x-ray tube 


A.I.E.E. 32, 730 Kor small splioros, up to 25 cm., sec “ Handbook of 

(’.hcmiatry and Pliyaics,” C. D. IIodKinan, editor, (duMiiical Rubber Publishing 
C^ompany, C'levuland, O. ^rbeie is doubt about these tables above ^00 kv.; see 
J E Henderson, W. H. Goss, and J. K. Rose, Rev, Sri. Instrumerds, 6, 63 C193&b 
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rectifies its own current, a sphere gap will indicate the peak inverse 
voltage rather than the peak useful voltage, of course. 

For a continuous indication of the high voltage, probably the best 
instrument yet devised is the Kirkpatrick type of generating voltmeter. ^ 
The instrument as originally built has been improved for use with 
c.p.d.c. by Herb and coworkers^ and for pulsating voltages of the type 
common in x-ray work by Kirkpatrick.® Trump, Safford, and Van de 

Graaff* have also developed this 
type of meter, in a form that re- 
quires no amplification or me- 
chanical commutation. Hender- 
son, Goss, and Rose have checked 
the A.I.E.E. sphere-gap voltage 
tables with a generating voltmeter 
and found some discrepancy above 
500 kv.® 

The operating principle of the 
instrument can be explained with 
the help of Fig. 7-27. A and B are 
two electrodes connected to the 
terminals between which the potential difference V is to be measured. R is 
a rotating sheet-metal cylinder split in half longitudinally and rotated at 
constant speed by a synchronous motor about an axis through the center 
perpendicular to the paper. The alternating electrostatic charges thus 
induced on the two sectors of R are rectified by the commutator shown 
and flow through the galvanometer G, which is grounded, as pulsating 
direct current. 

If C is the capacity of the condenser formed by either sector of R 
and the sphere A or B adjacent to it when the plane of the split is vertical 
and if R rotates at n r.p.s., then the current I through the galvanometer 
is given by 

I = 2CV71 (7-3) 

all units being in the same system. If practical units are used, / will 
be in amperes if C is in farads, V in volts, and n in r.p.s. Since C and 
n are constants, I is proportional to V. 

^ P. Kirkpatrick and I. Miyake, Rev. Set. Instruments, 3 , 1, 430 (1032); U. (limn, 
Phys. Rev., 40, 307 (1032); U.S. patent 1,919,21,5. 

® D. B. Parkinson, R. G. Herb, E. J. Bernct, and J. L. McKibhon, Phys. Rev., 
63 , 648 (1938). 

® P. Kirkpatrick, Rev. Sei. Instruments, 6, 33 (1934); sec also H. A. Thomas, 
Rev. Sci. Instruments, 8, 448 (1937). 

*J. G. Trump, F. J. Safford, and R. J. Van de Graaff, Rev. Sci. Instruments, 11, 
54 (1940). 

® Footnote, 1, jj. 144. 


R 


=0 G>= 



Fig. 7-27- — Illustrating the operating 
principle of the generating electrostatic volt- 
meter, (After Kirkpatrick and Miyake; 
courtesy of the American Institute of Physics.) 
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Because of this linear characteristic, the instrument can be calibrated 
by noting the galvanometer deflection for one known value of F, such 
as 100 kv. One way of fixing such a calibration point is convenient if 
an x-ray ionization spectrometer (page 334) is available. It is aimed at 
an x-ray tube and set for 0.124 A., the wave length obtained from equa- 
tion (4-35), for 100 kv. The generating voltmeter is connected to read 
the high voltage on the x-ray tube. As this is gradually increased, the 
first indication of a current from the spectrometer ionization chamber 
(page 29) will occur just as the high voltage reaches 100 kv. owing to 
the Duane-Hunt limit relationship (page 27). If the generating volt- 
meter reading is 17.3 when this occurs, for example, then a subsequent 
reading of 34.6 indicates that the high voltage is 200 kv., and similarly 
for other readings. 

In the absence of a spectrometer, one may obtain a calibration point 
from a high-voltage transformer if the number of turns on its secondary 
is known. If one winds 10 turns of wire around the core and the second- 


ary has 10,000 turns, then the secondary peak voltage will be 97,600 
volts, for example, when the peak voltage from the 10 turns is 97.6 volts, 
provided that the transformer is operated at no load. 

Another way to obtain the needed calibration point is to construct 
a wire-wound resistor having a resistance of several megohms and capable 
of withstanding a high voltage. Then one merely applies Ohm’s law. 
Thus, if the resistor has a resistance of 5 meg(^hms, a current of 20 ma. 
through it indicates that the high voltage applied to it is exactly 100 kv.^ 

If only a rough calibration is required, this may be accomplished by 
establishing the calibration point with a sphere gap, correcting for tem- 
perature and barometric pressure, and averaging 10 or more gap readings. 

17. Arrangement of Equipment. The usual arrangement in fixed 
x-ray installations is to place the high-voltage electrical equipment in 
one room, the x-ray tube and its supporting stand or crane in an adjacent 
room, which may be lined with lead for protoc.tion, and the control panel 
and meters in a third room (see, for example. Fig. 7-28). A typical 
million-volt installation for industrial radiography is desc-ribcd and 
illustrated in a recent articdcs in AiiUrmolivc Itidusirivs- (st^e also Fig. 
12-39). The (;ost, including the spe<;ial Iniilding, is given as 100,000. 
For photographs and dc^scription of the trcsatincmt room and high- 
voltage room for 1,200,000-volt cancer therapy, the read<n- is referred to 
an article in Nature.'^ Medical <liagnostic instjillations are well illus- 
trated in the catalogues of the x-ray cciuipment manufacjturers, as well 
as portable medical units and mobile industi'ial units. In the case of 


^ Sec, for extimple, II. (Usirk, H<v. ScL I nHirvmanls, 1, (>15 (1030). 
® Automotive Irul., Dec. 15, 1042, p. 46. 

® Nature, 138 , 1106 (1936). 
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diffraction equipment, the electrical equipment is usually contained in 
a cabinet, on top of which is placed the tube and the diffraction cameras 
surrounding it (see Fig. 18 - 6 ). This type of equipment is also illustrated 
and described in the catalogues. 



Fig, 7-28, — A fixed installation for industrial radiography. This is a 25()-kv. unit witli 
the main transformer and all high voltage circuits enclosed within tlio shockpi'oof t-ul>ehcuid. 
The control panel and primary regulating circuits are contained in another unit located 
in the adjoining room. No third room for high-voltage equipment is re<iuired, (Courtesy 
of General Electric X-ray Corporation,') 


Small portable diagnostic equipment is built that may be carried in 
one or two cases by hand. Such equipment is used in rural districts 
or can be carried from room to room in a hospital. 

Between the fixed-installation and portable equipment, there is 
“mobile” equipment. This may be mounted in an automobile trailer 
or motor truck^ with a gasoline-engine-driven generator to supply electric 

^ Such a unit for radiographic inspection of wooden cloctric-j)()w<n'-litK^ poles 
is illustrated and described by M. Zucker, Elec. World., 113 (Mar. 23, 1940); also 
A.S.T.M. Bull., October, 1940, p. 19. 
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power, or it may be mounted on a rubber-tired motorless truck, which 
can be pushed about in a factory where electric power is available at 
various points.^ 

18. The Van de Graaff Generator. For the generation of x-rays at 
potentials ranging from 1 million up to 2 or 3 million volts, the Van de 
Graaff generator deserves serious consideration, although the betatron, 
to be described in the next section may soon supersede other types of 
x-ray generators in this range. The Van de Graaff generator was first 
described in 1933 in an article by Van de Graaff, Compton, and Van 
Atta.*^ It consists of a highly insulated electrode, shaped so as to 
minimize corona loss, and a fast-moving nonconducting belt, which 
conveys a continuous supply of electrostatic charges to the electrode. 
The belt is usually made of rubber-impregnated fabric and runs on two 
pulleys, one grounded and the other located in the high-voltage insu- 
lated electrode but insulated (for several thousand volts) from it. A 
comb of needle points close to the grounded motor-driven pulley is 
charged to some 20 or 40 kv. positive or negative direct current by a 
small x-ray transformer and kenotron set. These needles spray electro- 
static charges on the belt, which moves past them rapidly. The charges 
are carried to the insulated pulley in the liigh-voltage cilectrode, which 
thus becomes more highly charged than tlui elcc-trode itself. When this 
pulley acquires a yjotential of several thousand volt.s with respect to the 
electrode, additional charges brought ui> by the bolt are automatically 
transferred to the olecitrodc'! by a comb of corona needle points placed 
near the pulley where the 1x4 1 is arriving. Another comb placed at the 
opposite side of the pulley sprays the departing b(4t with charges of the 
opposite sign, which it carries back to the grounded drive pulley. Thus 
the insulated electrode soon l>uihls up a potential limited by the insu- 


lation or by corona loss. 

These two limitations ix^cede somewhat il the generator is enclosed in a 
tank containing c.ompresscid air or Freon ((Xd^l'a) ei’ l)oth, as Herb and 
coworkers have done.'* In lliintington Memorial Hospital, boston, 
Mass., Trump and Van d(^ GraalT' have (xmsi.i'uctcd for therapeutic 
work a million-volt x-ray installation that uses a Van de Graalf generator 
to supply the high voltage. This installation has a capacity of 3 ma. 


* in caliilomioK of x-ray o.(iuipinani nianufai^iurcrs. A chirkrooin is 

included in a Hp(^<unl unit built, by T. Triplcd.t,, illustrated in Elcrironic IruL, 2, 45 
(January, 1943). 

2 It. J. Van de Clraaff, K. T. tlonipton, and b. ( i. Van Atta, Phyn. 43, 149 

(1933). 

Mi. Cl. Herb, D. b. Parkinson, D. W. Kerst, K. J. Hernet, and J. L. MciKibben, 
Rev. Sri. Jn.'ilrvtrirnte, 6, 2()1 (1935); Phys. Rev., 61, 75 (19.57), 63, 642 (1938). 

^ J. Cl. Trump and K. J. Vtm de ClraalT, J. Applied Phye., 8, 602 (1937). Sec also 
Phys. Rev., 66, 1160 (1939). 
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at 1 million volts, but in actual treatments only 1 or li ma. is ordinarily 
used. A 2-million-volt installation has been built by Van Atta and 
Northrup,^ and sealed-off tubes for such equipment are now manu- 
factured^ (see Fig. 7-5). 

A potential of i million volts may be obtained with quite a small 
generator of this type. Trump, Merrill, and Safford^ built such a model 
delivering 200. microamperes at this voltage, the cost being only about 
$325. A model similar to this has been placed on the market by the 

Central Scientific Company, Chicago, 111. 

19. The Betatron, or Electron Induction Accelerator. The betatron, 
developed quite recently by Kerst,'^ is so new that only a few experimental 
models have been built. Nevertheless, it has already produced 20-mil- 
lion-volt x-rays with an intensity comparable with that of the x-rays 
generated by an ordinary x-ray tube operating at, say, 100 kv. and 10 ma. ; 
it is thus not hard to foresee that it is likely to be widely used in x-ray 
work eventually. For many years the trend in certain types of thera- 
peutic work has been to higher and higher voltages; therefore the betatron 
may be used in this field, perhaps in sizes generating x-rays of many 
millions of electron volts energy (hv) or perhaps for cathode-ray therapy 
(see final paragraphs of Chap. 11). A 130-ton 100-million-volt model 
is now in operation.® For other uses, Kerst’s 2-million-volt betatron 
having dimensions of roughly 10 by 10 by 20 in. and an output eciuivalent 
to that from a gram of radium is quite impressive, for this is smaller 
and lighter than an ordinary 140-kv. x-ray outfit. A 4-kw. (iOO-cycle 
generator is also required for this size of betatron, but this need not be 
moved with it if the betatron is used for radiographic or therapeutic 
work. The compactness of this 2-million-volt x-ray generator is more 
impressive, perhaps, than the 3-^-ton model, which produces 2()-millioii- 
volt x-rays. A small, light, mobile 2-million-volt betatron should find 
wide application in industrial radiography. 

The betatron produces x-rays by hurling high-speed electrons against 

iL. C. Van Atta and D. L. Nortlirup, Am. J. Roentgenology Radium Therapy, 41, 
633 (1939). 

2 R. R. Machlett, Electronic Ind., 3, 79 (November, 1944). 

3J. G. Trump, F. H. Merrill, and F. J. Safford, Rev. Set. Tntitrument}^, 9, 398 
(1938). 

4D. W. Kerst, Phys. Rev., 60, 47 (1941); I). W. Korst and U. Serher, Phys. Rev., 
60, 63 (1941); D. W. Kerst, Am. J. Phys., 10, 219 (1942); A. R. Wildhafron, Sci. 
American, 168, 207 (1943); D. W. Kerst, Rev. Sci. Instrurnenls, 13, 387 (1942); II. W. 
Kerst, Radionics Section (vol. 1) of Radio News, 30, 6 (SepUnnber, 1943); Science 
News Letter, 43, 200 (1943); J. H. Bartlett, Phys. Rev., 64, 185 (1943); D. Iwanenko 
and I. Pomeranchuk, Phys. Rev., 66, 343 (1944); Gen Elec. Rev., 46, 58 (1943); 1. .T. 
Wang, Electronics, 18, 128 (.June, 1945); D. W. Kerst, Ind. Radiography, 3, 3f> 
(summer, 1944); W. F. Westendorp, J. Applied Phys., 16, 657 (1945). 

*W. F. Westendorp and E. E. Charlton, J. Applied Phys., 16, 581 (1945). 
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a target, just as in an x-ray tube. The novel feature is that it uses a 
principle which makes it possible to bombard the target with electrons 
having an energy of, say, 10 million electron volts, without its being 
necessary to have a potential difference of 10 million volts between 
electrodes. In fact, no high voltage whatever is used. The electrons 
are accelerated in a vacuum tube by a moving magnetic field just as the 
free electrons in the wire used for the secondary winding of a transformer 
are impelled to move through the wire by the alternating magnetic field 
created in the transformer core by the primary alternating current. That 
is, the electrons are accelerated by the electric field associated with a 
time-varying magnetic field. The free electrons in the wire of a trans- 
former secondary winding are unable to attain high speeds because of 
their continual collisions with the atoms composing the wire. If these 
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SHELL TYPE 

The two common typoH of traiisformor cores 

of a betatron. 


CORE TYPE 

-to help illustrate the construction 


ploctvons were in a vacuum, however, there would be no collisions to 
iiuiJccle tiieir progrc.s.s, and they could speed up to enormous velocities. 
'Plus pos.sibility is realized in Kerst’s betatron. 

Since the lietatron is closely akin to a transformer, let us digress 
briefly to review the essentials of the construction of a transformer, 
cspeeiallv the core. There are two common types, shown m Fig. 7-29. 
'Phe one on the left is called the “shell type” (disregard the dotted hnes). 
'Phe other is called the “core type.” The filament transformers m 
Figs 7-8 and 7-2(i are of the latter type. The cores are built of laminated 
iron to reduce eddy-current loss. One might take a shell-type core 
as shown at the left in Fig. 7-29, and cut a piece out 

dotted lines ABC and DEF. Then, instead of winding the pnma y 
! nding around the post PQRS as usual, half of it might be wound about 
rt-r poHion DEFRS and the other half about t^e upper poi^n 
ABCPO The secondary winding is a stiange departui . 
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it) at tlie gap ABCDEF. The inner walls of the doughnut are covered 
with a thin film of evaporated metal to keep them from charging up 
and producing disturbing electrostatic fields. 

The core should be designed to give a high voltage per turn, say 
25 volts, as contrasted with the usual fraction of a volt per turn in ordi- 
nary small transformers. This means that the core should have as 
large a cross section as practical, and the frequency used should be 
higher than the usual 60 cycles. Furthermore, the post PQRS must be 
circular, not square. Finally, the pole faces ABC and DEF must not 
be cut off fiat as thus far imagined but must be tapered so that the gap 
is shortest in the center and gets longer as one goes toward the edge of 
the circular gap. This tends to concentrate the magnetic flux in the 
center portion of the gap. That is, if H is the magnetic field strength 
at a point in the gap at a distance r from the axis of the post PQRSj then 
H decreases as r increases. Of course, H also varies with time in a 
sinusoidal manner, as indicated in Fig. 7-30, as in any transformer. It 
is well known that electrons moving in a vacuum, perpendicular to a 
constant, uniform magnetic field will pursue a circular coui’se, the plane 
of the circle being perpendicular to the field, and its radius R is given by 


R = 


mvc 

He 


(7-4) 


where R is in centimeters, m and c have their usual significance, // is in 
oersteds, v is the velocity of the moving electron in cm. /sec., and e is in 
e.s.u. If e is in e.m.u., then the c is omitted from the ecpiation. 

The electrons are injected into the doughnut tube by means of an 
electron gun (see Sec. 4e), which directs them at a low voltage (a few 
hundred volts) tangentially into the evacuated tube. If the taper of 
the gap faces or pole pieces has been chosen so that 0 < n < 1 between 
the inner and outer edges of the doughnut, n being definctd by 


H = k 


1 


(7-5) 


{k being a constant and r having been defined in the proceeding para- 
graph), then there will be a stable circular orbit into which the el(*ctrons 
will tend to gather. The radius of this stable orbit is given by 

where <l>o is the flux within the orbit and Ho is the field st rcuigt b at the 
stable orbit, ^ that is, at ro. 


^ D. W. Kerst and R. Serber, Phys. Rev.^ 60, 53 (1941). Sec alH<i J. II. Hartlott, 
Phys. Rev., 64, 185 (1943). 
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Fio. 7-30.- 


Showing the timing of events in 
Kerst’s betatron. 


lillectroiis that happen to start from the gun in orbits not coinciding 
witli this stable orbit will be gathered into it after making numerous 
trips ai’ound the doughnut. That is, they will be focused into a beam, 
'riiis is true not only in a radial sense, for electrons whose orbits have a 
liirgtu- or smaller radius than ro, but also for electrons whose orbits lie 
al)ovo or below the plane of the stable orbit, that is, for electrons which, 
<'!X(‘<.’!pt for the focusing action, would wander up toward the plane ABC 
or tlown toward the plane DEF 
(big. 7-29) instead of staying in 
tlicj mid-plane. For this axial 
focusing action to be as effective 
iis the radial focusing action, n in 
tHpiation (7-5) must be at least 
Ihuice the pole pieces are con- 
st, ructcd in practice so that n lies 
Ix't.woen 2 and 1. In Kerst’s 2- 
million-v'olt model, n = -f; in the 
2()-mil lion-volt model, n = t- 
I'xpiat.ions (7-4) to (7-G) are all 
valid (^ven when the electrons at- 
tain a velocity approaching c, so that their mass increases several fold; 
otluM’wist^ those high relativistic energies could not be achieved. 
IwaiKMiko and Pomoranchuk calculated that electromagnetic radiation 
from the cathode rays fixes 500 million volts as the maximum attainable 

by a bet.ati'on.' _ 

( )nc<^ t he electrons are focused into a beam, they continue to acceler- 

iit<, IxM-aiisn of time variation of the magnetic field. If a swarm of 
elecl.ron.s art, injcH^ted at an instant A early in the cycle (Fig. 7-30), they 
wifi ciiTulate filter and fa.ster around the doughnut owing to the iimrea^ 
in t.lm fi<fid liuring the intervai between instant A and instant C. In 
the 2-milfion-volt model, small, pressed, powdered-iron ^ks at the 
cent, or of caeli pole i)ieee were used and became magnetically saturated 
slialitlv l-ef»ro the maximum field strength was attained at C. When 
tins oectim, //„ inerease.s faster than in equation (7-6), and so ro 
(Us-reases. 'Phis action caused the circular electron beam *0 contract 
sliglit,lv id, the last moment just as the electror^ attained their bigh^ 
v.hieity, ami lumee tlicy struck the target, which was a piece of thm 
lungst,en During tlicir journey from gun to target, the electrons 
t,ravelc<l around the doitglmut many thousands of times— about 60 mi es, 

K(!rst rnodel, the target was mounted at the outer 

edge of the doughnut instead of the inner edge, and provision was made 
■ 1). Iwaiioiiko and 1. Pomcruiichuk, Phys. Reo., 68, 343 (1944). 
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to expand the beam to hit it instead of contracting it, as in the 2-million- 
volt model. This is an advantage because it places the target (which 
is the x-ray source) out at the edge of the instrument instead of in near 
the middle. At this enormous voltage (20 million volts), the efficiency 
of x-ray production becomes very high,^ as predicted by Beatty’s equa- 
tion (2-5). Kerst’s observations indicate that 65 per cent of the cathode- 
ray energy is transformed into x-ray energy. In the 20-million-volt 
model, the alternating current had a frequency of 180 cycles/sec., the 
power required being about 26 kw. In the 2-million-volt model, the 
frequency was 600 cycles/sec., the power required being about 4 kw. 
Others had conceived the general principle of the betatron^ before Kerst, 
but they had not worked out the theory of the injection and focusing 
well enough to construct a successful model. 

There should be no confusion between the betatron and the well- 
known cyclotron® used for accelerating protons, deuterons, and alpha 
particles by whirling them in a spiral path between the poles of an electro- 
magnet. The principles of the two instruments are essentially different. 
A cyclotron uses a radio-frequency alternating-high-voltage electrostatic 
field synchronized with the frequency of the ions in their spiral orbitst 
as the accelerating means. The magnet furnishes a steady magnetic 
field whose strength is practically the same at the center as it is at the 
outermost part of the spiral orbit of the particles. The betatron uses a 
laminated transformer core — it is not really a magnet at all. This is 
magnetized in an alternating manner at audio frequency, the field being 
stronger in the center than at the edges. 

A cyclotron cannot accelerate electrons to a high energy because 
their small mass (compared with that of protons) makes it impossible 
for them to have a kinetic energy of the order of millions of electron volts 
without their velocity becoming a large fraction of c. When this happens, 
their mass increases by a factor of 2 or more. This greatly reduces their 
frequency of revolution in their spiral orbit in a cyclotron, this freciuenc^y 
being 

= 2^0 

and so they get hopelessly out of synchronism with the alternating 
electrostatic field. In contrast, a 20-million-volt proton has a mass only 
2 per cent greater than one at rest. 

^ For a brief discussion of x-ray yield at high voltages from the quantimi-mctrhan- 
ical viewpoint, with bibliography, see H. Danzer, Ann. Physik, 43, 182 (1043). 

2 G. Breit and M. A. Tuve, “Carnegie Institution Year Book (1927-1928)," No. 
27, p. 209; R. Wideroe, Arch. Elektrotech., 21, 400 (1928); E. T. S. Walton, Pror. 
Cambridge Phil. Soc., 26, 469 (1929); W. W. Jassinsky, Arch. Elektrotech., 30, 500 
(1936). 

* For a discussion of both, see J. D. Cockroft, J. Sci. Instruments, 21, 189 (1944). 
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One other point should be mentioned in contrasting the betatron 
with a cyclotron. The magnetic field H required to curve the orbit of 
a singly charged particle like an electron, proton, or deuteron having 
charge e (in e.s.u.) and mass m so that the radius of curvature is r is 
given by 

„ me ImV Q. 

^'• = -'’ = ^Vl50i 

where v is the velocity of the particle in centimeters per second and Y 
is its energy in electron volts. The final expression assumes that the 
kinetic energy is ^mv'^ and so is only a rough approximation at high 
energies, especially for an electron. Nevertheless, it shows that, for a 
given energy F, both H. and r vary inversely in approximate proportion 
to the square root of the specific charge e/m of the particle. Since m 
is about 1,850 times as great for a proton as for an electron, the magnetic 
field required in a betatron is much less both in magnitude (i?) and 
extent (Trr^). For example, a magnet producing some 5,000 oersteds 
over a 12-cm. circle is sufficient to control 5-million-volt electrons, but 
5-million-volt deuterons or alpha particles require some 17,000 oersteds 
over an 80-cm. circle, uniform within 1 or 2 per cent. This calls for a 
50-ton magnet as compared with a fraction of a ton for the equivalent 
betatron. In closing, it may be repeated that Livingston, Genevese, and 
Konopinski have succeeded in exciting characteristic x-ray spectra (nol 
continuous spectra) by proton bombardment, using a cyclotron.^ 

QUESTIONS AND PROBLEMS 

1. What is a shockproof x-ray tube? A shockproof cable? A Hadding tube i 
intended for what type of work? A Shearer tube? In what typo of x-ray circui 
is a rt^digon or tungar tubes uHod? What is a kenotron? A Lenard ray tube? Aj 
autotransfonner? An electron gun? 

2. Draw the wiring diagram for two different high voltage circ.uits that wi 
supply (^p.d.e. 

3. Name a typo of x-ray tul^c that may be operated at a power input exeeedin 
its continuous rating for a short time. Name a type of tube that must not be s 
operated. Is it advisable t,o ex<i(Kxl the maxiimiu* voltage rating of an x-ray tut 
for short intervals? Mow may the life of an x-ray tube or kenotron be extended? 

4. l)i(dilorodinuorom(d.hane ((’(’bFy) finds wliat use in x-ray equipmeni 
Answer the sa,m<^ (pieslion for beryllium. Lead might be considered a metal suitab 
for use J 1 .S (.h<? tn.rget nial.(?rin,l in an .x-ray tube intended for what purpos<i? Whj 
Answer tlu^ sajm-i qu<\stion for molybdenum. 

6. Why should a kcuu^tron not be operated emission limited? What is a ea 
cading transformer? A 200-kv. ( Iniinacther circuit requires a main transformer wi 
what voltage rating? 'This transfornwii* must be ditferent from the usual x-ray tran 
former in what r(;spe<d.? Wliy does this increase its cost? 


^ Footnote 1, p. 48. 
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6. By what means have the highest voltage x-rays been generated, “voltage” 

here meaning electron volts of photon energy? What is the wave length of the hard- 
est x-rays produced at 20 million volts? Am. 0.00062 A, 

7. Describe the operating principle of a generating electrostatic voltmeter. How 
does the breakdown voltage of a sphere gap vary with the barometric pressure? 
With the temperature? With the humidity? Wy is an ordinary milliammeter 
unsuitable for measuring x-ray tube currents? When should one avoid changing 
the setting of the autotransformer control in x-ray equipment? Why? What is a 
Snook rectifier? What are its advantages and disadvantages? 

8. In the circuit of Fig. 7-22, if 50 kv. c.p.d.c. is to be generated from a (Hl-cycle 

source, what capacity condenser will be required to obtain a 1 per cent ripple when 
the current used is 2 ma.? If the condenser is built as shown in Fig. 7-25, about how 
many J-in. glass plates will be required? Am. s\- /if; 44 plates. 

9. How does a 20-million-volt betatron compare with a 20-million-volt cyclotron 
in size and mass? Why? What is the essential feature distinguishing x-ray tube 
or kenotron filament transformers from most other transformers? Van de Graaff 
generators have been used to generate x-rays in what voltage range, roughly? 

10. What is a constant-voltage transformer? What advantage does it have over 
a motor generator set for stabilizing voltage and current in x-ray equipment? What 
advantage does the motor generator set have over the constant-voltage transformer 
for this purpose? 

11. For the radiography of lead 5 in. thick, should you recommend a 2-niillion- 
volt betatron or a 20-million-volt betatron? (Refer to page 80.) 



CHAPTEK 8 

RUDIMENTS OF RADIOACTIVITY 


1. Introduction. The use of radium as a valuable supplement to 
x-rays is gaining favor in industrial radiography. Radium is commonly 
used along with x-rays in therapeutic work, and its use in this field is 
older than that of x-rays. Artificial, or induced, radioactivity has 
recently become a new method of approach in research in biological 
chemistry, and it may serve as a supplementary aid in x-ray therapy. 
Therefore it seems worth while to discuss the rudiments of radioactivity 
so that the handling and use of radioactive material as a valuable supple- 
mentary agent in radiology and industrial radiography (see Chaps. 11 
and 12) may be understood and appreciated. 

In addition to this, it will be realized that the knowledge of atomic 
structure gained in Chap. 4 was limited entirely to the outer electronic 
swarm which surrounds the nucleus. Some knowledge of the nucleus 
itself will be found helpful in later chapters on x-ray diffraction and its 
applications. 


2. Natural Radioactivity. Present knowledge indicates that the 
nucleus of an atom consists of two kinds of particles, protons and neu- 
trons. There is some doulit as to whetlier or not these particles are 
truly fundamental and indivisible, but this need not concern us here. 
That is, one need not pondcir such questions as whether a proton may or 
may not really bo a particle formed by the coalescence of a neutron and a 
positron (defined in Chap. 5), or whether a neutron may or may not be 
formed by the union of a proton and an electron, or whether the nucleus 
may not also contain other particles such as the meson ^ (also known as 
“mesotron,” “barytron,” “Yukawa particle,” or “heavy electron”) or 
the neutrino.*'^ It may be stated in passing that the meson is a particle 
(;arrying a charge ecpuil to that of the electron, sometimes positive and 
sometimes negative, the mass being some 180 times that of an electron; 
mesons have been obsei-ved in cosmic-ray experiments. The neutrino 
is a hypothetic, al uncharged particle of mass very small (iompared with 
that of a proton or neutron. It has not yet been directly obstirved experi- 
mentally, but there are theoretical grounds for suspecting that such a 
particle exists. To return to the main theme, the proton is a particle 


^ Soc, for o.xiiinplo, W. Hciitku-, Nature, 148, 680 (15)41). 

® Sco, for t)xaiuplc5, J. S. Allou, Phys. Itev., 61, 692 (1942); E. J. Konopiiiski 
Rev, Modern Phys., 16, 209 (1943). 


157 



158 


X-RAYS IN PRACTICE 


[Chap. 8 


carrying a positive charge exactly neutralizing the negative charge of an 
electron, but its mass is 1,837 times that of an electron. The neutron 
is an uncharged particle having the same mass as a proton. 

Of the atoms in ordinary hydrogen, 99.98 per cent have merely a 
proton for their nucleus. The other 0.02 per cent have a nucleus called 
a deuteron (or deuton), a particle formed by the union of one proton 
and one neutron. Since both types of hydrogen atom have a nuclear 
charge of 1 (that is, a positive charge equal in magnitude to the negative 
charge of one electron), they both have one orbital electron. The 
orbital electrons determine the chemical properties. Therefore these 
varieties of the same element, called “isotopes,” are practically identical 
in their chemical behavior. The symbol designates the ordinary 
hydrogen atom or its nucleus, the proton, of “mass number” 1 (mass of 
the nucleus, the mass of a proton or neutron being called unity) and 
atomic number 1 (charge of the nucleus, the charge of a proton being 
called unity). Likewise, iH^ designates “deuterium,” the heavy rare 
isotope of hydrogen with mass number 2 , atomic number 1 . 

Next in the periodic table comes 2 He^ (helium), with nucleus con- 
sisting of two protons and two neutrons, mass number 4, atomic number 
2 , so that the neutral atom has two orbital (K) electrons. When these 
electrons are detached, the extremely stable nucleus that is left is called 
an “alpha particle.” These particles are commonly projected at liigh 
energy from many unstable radioactive nuclei when they “disinte- 
grate” — for example, when radium disintegrates into radon. Streams 
of these particles are called “alpha rays.” Among every 100,000 or so 
ordinary atoms of helium, there is found one atom of the rare isotope 
2 He® having a mass number 3 (two protons, one neutron). 

Continuing to list the ordinary stable isotopes in the same manner, 
one has sLi® (7.5 per cent) and sLi’ (92.5 per cent). This mixture 
results in an “average mass number” (atomic weight) of G. 94 . 

Then follow 4 Be*’ (100 per cent); (18.4 per cent) and dB^^ (81.(5 
per cent) ; eC^^ (98.9 per cent) and (1.1 per cent) ; (99.(52 per cent) 

and (0.38 per cent); sO^® (99.76 per cent), (0.04 per cent), and 
(0.20 per cent); (100 per cent); loNe^® (90.00 per cent), loNe^' 
(0.27 per cent), and loNe®^ (9.73 per cent); uNa^® (100 per cent); i 2 Mg''*’ 
(77.4 per cent), i 2 Mg 2 & (11.5 per cent), and riMg^® (ll.l ])(‘r (-lent); 

(100 per cent); (89.6 per cent), 1481 ^® (6.2 i)er cent) anti 

148 !®® (4.2 per cent); ibP®^ (100 per cent); (95.0 per cent), i«S*‘® (0.74 
per cent), (4.2 per cent), and leS®® (0.016 per cent); etc. 

Chemists arbitrarily set the atomic weight of oxygen as exactly 1(5 
before all the facts indicated by the above symbols had been discovered. 
In view of the foregoing data on oxygen, the logical value of the atomic 
weight of oxygen should be 99.76 per cent of 16 plus 0.04 per cent of 
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17 plus 0.20 per cent of 18, or 16,004, which indeed is the atomic weight 
of oxygen on the “physical scale” of atomic weights.^ This introduces a 
discrepancy of 1 part in 4,000 between mass number and ordinary 
chemical-scale atomic weight in the case of a pure element (only one 
stable isotope) like sodium (mass number 23, chemical-scale atomic 
weight 22.997). However, if one considers a case like that of hydrogen, 
the discrepancy is much greater than this; 99.98 per cent of 1 plus O.OS 
per cent of 2 equals 1.0002, whereas the atomic weight of hydrogen k 
1.0078, a discrepancy of about 8 parts in 1,000. This discrepancy is 
due to the packing energy, or binding energy. 

To make this clear, consider the case of helium, which is almos 
entirely aHe”^, so that it should have an atomic weight of exactly 4 oi 
the physical scale or 3.999 on the chemical scale. Actually, it has ai 
atomic weight of 4.003 on the chemical scale or 4.004 on the physics 
scale, and this discrepancy is due to the packing energy. An atom o 
aHe^ consists of two neutrons, two protons, and two orbital electrons 
An atom of consists of eight neutrons, eight protons, and eigh 

orbital electrons. Yet the mass of the latter is only 3.996 times th 
former. The reason for this is that much energy would be required t 
dissect the at<ims in a gram of oxygen and re-form the parts into th 
resulting 1.001 g. of helium. If this could bo done, the energy use 
would be converted into mass, api^earing as the extra milligram accordin 
to the relation (4-15) E = mc^. In fact, this enables one to compul 
that the energy required for such a process, if it could be accomplishe 
at all, would be 9 X 10''^ ergs, or about 30,000 hp.-hr. Conversely, 
one could convert a little helium into oxygen, much energy would I 
generated. Still more energy would be generated by converting hydrogc 
to helium or oxygon, for its packing energy is greater, as has been pointe 
out. However, hydrogen is not so good as an instructive examp 
because iH^ contains no neutrons whereas all other elements do, ar 
hence the reaction would not “come out even” with respect to tl 
neutrons and protons as the olie'^ — process would. 

The stable isotopes up to sulfur have already been listed. For 
complete list, the reader is rcjferred to an article by Seaborg.*'* T] 
heaviest stable isotope is saBi-***'-'. All the chunents heavier than this, up 
and including the uranium isotope and some lighter ones, f 

example the thallium isotope siTr^”’, arc naturally unstable or radioacti) 
There are also two elements of comparatively low atomic number th 
are slightly radioactive, namely, potassium and rubidium. The rad 
activity of potassium can be used to make a chemical analysis for it.^ 

^ R. T. Rev. Modern Rhys., 13, 234 (1941). 

® G. T. Seahorg, Rev. At odern Phys., 16, 1 (1944). 

® R. B. Barnes and I). J. Salley, Ind. and Eng. Cham. (Anal. Ed.), 16, 4 (194 
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The natural radioactivity of uranium was discovered by A. H. Becquo- 
rel in 1896, The phenomenon was studied intensively by Becquerel, 
Rutherford/ and others and was given added impetus in 1898 when 
Pierre and M. S. (Mme.) Curie and G. Bemont first obtained radium 
chloride. Radium, together with its disintegration products, is the most 
active and important of the naturally radioactive elements. Radium 
itself was not obtained until 1911 by Mme. Curie and A. Debierne. 
Until 1930, most of the world’s radium was refined from pitchblende 
obtained in the Belgian Congo. The price in 1930 was about $60,000 
per gram. The discovery in 1930 of extensive rich deposits of pitch- 
blende near Great Bear Lake in Canada^ has greatly increased the supply 
and reduced the price, which is now less than $25,000 per gram. 

Such radioactive substances in general emit three types of '‘rays” 
historically designated as alpha, beta, and gamma (a, /S, and -y). The 
alpha rays are high-energy streams of alpha particles, now known to be 
identical with the nuclei of helium atoms. Beta rays are high-energy elec- 
trons, like cathode rays, except that they are ejected in all directions, 
whereas cathode rays ordinarily form a beam. Gamma rays have already 
been described as high-energy photons or electromagnetic radiation like 
x-rays. 

Obviously, if an atom “disintegrates” radioactively by ejecting an 
alpha particle, its mass number will decrease by 4 and its atomic number 
will decrease by 2. An example is the most plentiful isotope of radium, 
ssRa’^^®, which disintegrates by ejecting an alpha particle; that is, ssRa-'^'* 
divides into seRn^^^ (radon, also called “niton” or “radium emanation”) 
and 2 He‘^. In this type of radioactive disintegration process, the mass 
of the products (helium and radon in this case) is slightly less than the 
mass of the parent material (radium in this case). The lost mass is 
converted into energy (mc^). This appears as the kinetic energy of the 
alpha particle, which comes tearing out with an energy of several million 
electron volts; in other types of disintegration it is a beta pai-ti(;lo or a 
gamma-ray photon that is ejected. In many disintegrations, both alpha 
and gamma or beta and gamma radiations are produced. There are a 
few cases where feeble beta rays are found along with strong alpha rays, 
but they are probably generated in a secondary manner rather than in the 
initial disintegration. 

If an atom disintegrates by ejecting a beta particle (electron), its 

1 E. Rutherford, J. Chadwick, and C. D. Ellis, " Radiation. s from R,adif)active 
Substances,” The Macmillan Company, New York, 1930. For additional dotails 
about natural radioactivity, see J. W. Mellor, "Comprehensive Treatise on Inor^junc 
and Theoretical Chemistry,” the volume on radium; also M. Chirio, A. D(d)ierno, 
A. S. Eve, H. Geiger, O. Hahn, S. C. Lind, St. Meyer, E. Rutherford, and JO. Schweid- 
lor, Rev. Modern Phys., 3, 427 (1931). 

2 C. Camsell, J. Franklin Inst., 233, 545 (1942). 
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mass number remains unchanged and its atomic number will increase 
by 1. For example, ssPb^^^, an isotope of lead that is commonly called 
radium disintegrates by ejecting a beta particle (and gamma rays), 
the product being an isotope of bismuth, that is called “radium 

There are long chains of such disintegration processes. For example, 
radium’s most plentiful isotope, ssK-a^^®, disintegrates by ejecting an alpha 
particle to radon gas, seRn^^^, which in turn disintegrates by ejecting 
an alpha particle to 84Po2^‘* (called “radium A”), which in turn disinte- 
grates by ejecting an alpha particle to 82 Pb‘-^^'^ (radium B), which in turn 
disintegrates by ejecting a beta particle to ’ (radium C), which in 

turn disintegrates by ejecting a beta particle to g.iPo^^"^ (called radium C’), 
which disintegrates by ejecting an alpha particle, etc., the process finally 
ending with a stable isotope^ of lead, saPb^®^. 

Some of these disintegrations are accompanied by strong gamma 
radiation, and some are not. Surprisingly enough, radium emits practi- 
cally no gamma rays when it disintegrates into radon. Radon, however, 
is a powerful emitter of gamma rays as it disintegrates into polonium 218, 
lead 214, etc., as outlined above, most of the gamma rays being generated 
in the last four disintegrations mentioned. There is also a wide varia- 
tion in the instability of these various substances. For example, ii 
requires some 1,700 years for a sample of radium to disintegrate to ar 
extent that half of it will have changed into radon, but only 3.85 days ii 
required for a sample of I'adon gas to disintegrate to this extent. A micro 
gram of radon will l)o half gone after it lies for 3.85 days in a sealed tube 
after 3.85 more days, it will be throe-fourths gone ; after 3.85 more days it wil 
be seven-eighths gone, etc. Thus radon is said to have a “half life” of 3.8( 
days, and radium a half life of 1 ,700 years. Radium A, I'adium B, and radi 
um C have half lives of only a few minutes; radium C', of about 10~® sec 
From this, it is obvious that radon is much moT-e unstable and therefor 
inuc.h more radioactive tlian an ecpial mass of radium. In fact, a gram c 
radon, if it could be obtained, would have an activity equal to that c 
several hundred pounds of radium; its container would bo red-hot. 

Those disintegration rates arci unchanged by prt assure, ternperatun 
state of (ihcnnical combination, etc. Tims a gram of radium in the form < 
radium chloride kept imimu-scKl in licpiid air has the same half life as 
gram of pure radium ke})t at 5()()°C. under a pressure of 1,000 Ib./in. 
and both cqect alpha partich^s at the same rate. 

In industrial nidiography and in most hospitals, radium or radiu 
compounds are usually ])urc.hased or rented and used in a sealed capsul 


There are comparativedySfew places where th<^ necessary facilities ai 


qualified experts are availal)lc for working with radium or its compoun 


outside of a scaled capsule. 


As already stated, i)ure radium emits prac 


^ See Ajipendix, d'able IX. 
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cally no gamma rays. However, a piece of pure radium or pure radium 
chloride or other radium compound does not remain pure when left alone. 
One gram of pure radium emits 3.4 X 10^° alpha particles each second. 
Hence 3.4 X 10^® radon atoms are produced each second within the gram 
of radium. Meanwhile the radon, which is a gas (the heaviest known, 
111 times as dense as hydrogen), also continually disintegrates into a 
whole series of highly active products as already outlined, and it is these 
multiple disintegration processes which generate the gamma rays. 

A piece of radium left in the open air thus slowly evolves radon gas. 
The quantity evolved is so slight that most of it remains absorbed in the 
radium. Hence the radium appears to emit gamma rays. If the radium 
is melted or is heated in a vacuum, the radon is driven out. After the 
radium cools off, it is then pure radium and will be found to emit practi- 
cally no gamma rays for a while. However, if left standing a few days it 
soon saturates itself with a fresh supply of radon and hence emits gamma 
rays again. 

Hadon is considered one of the most deadly gases known. If one 
breathes air containing even a minute trace for any length of time, he 
saturates his body with it and thus subjects every portion of his body to 
alpha, beta, and gamma rays for years afterward, for the disintegration 
products of radon are solids, some with long half lives. If much has been 
breathed, the result is a slow and terrible death. Therefore radium 
is kept in sealed capsules during use. These capsules are usually made 
of silver for industrial work and have a wall thickness of about ^ mm. 
Obviously, a radium capsule should not be crushed, stepped on, or 
pinched with pliers, for this might cause a radon leak, with disastrous 
consequences. 

If a gram of radium that has just been freed of radon is sealed in a 
capsule, it starts accumulating radon, which in turn disintegrates. 
Eventually, these two processes balance each other; the radon disinte- 
grates within the capsule just as fast as it is evolved by the radium. A 
capsule containing 1 g. of radium that has reached this equilibrium condi- 
tion regarding its radon content is said to contain 1 curie of radon, a 
unit established in 1910 by the Radiology Congress at Brussels. A 
capsule containing 100 milligrams of radium that has reached an equilib- 
rium radon content is said to contain 100 millicuries of radon. At 0°C. 
and 76 cm. of mercury pressure, 1 curie of radon occupies 0.6 mm.®. 

A capsule containing 1 g. of radon-free radium will acquire an activity 
of i- curie in 3.85 days; -f curie in 7.70 days; 99^ per cent curie in 30 days, 
and 99.99 per cent curie in 50 days. At pla<ifes where the capsules are 
opened, the ventilation must keep the radon content of the air below 
10“^^ curie/liter for safety. That is, 1 part of radon in 10^® (1 quintillion) 
parts of air by volume is on the borderline of safety for breathing pur- 
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poses. ^ A Geiger- Mueller counter (see Chap. 9) that will detect 10“^* 
curie of radon was described recently by Brown, Elliott, and Evans. 
The equation governing the accumulation of radon* in a capsule con- 
taining g g. of radium, initially radon-free, is 

C = gil - (8-1) 

where C is the curies of radon present after t days, 5 is a constant equal 
to 0.180 when t is in days, and e is the Napierian log base. 


Equivalent voltage, millions 
3 2 10.90.80.7 0.6 05 0.4 0.3 



Flu. 8-1 Comparing the spectral energy distribution of radium gamma rays and 
iniliion-volt x-rays. and GrhnmcU; courtesy of Nature and Macmillan & Com- 

pany. Ltd,) 

’'riu; spectral energy distribution of the gamma rays from radium in 
equilibrium with its products, in the sense just explained, has been 
rcpresentcul graphically by Eve and Grimmett.^ Figure 8-1 is a graph 
that they ])re])ared to compare the; spec-trum of million-volt x-rays with 
the spectrum of thx; gamma rays from radium. Since the latter is a line 
spectrum wliile the former is continuous, the gamma-ray spectrum is 
plotted as a series of vertical lines, the position of the line indicating its 

^ Sco NaL Bur. Slandarda lf<imibook M27; also IJugineering, 162, 3<>0 (1941). 

2 S. CJ. lirown, L. CJ. lOlliott, and H. 1). Evans, Sri. Inslruments^ 13, 147 

(1942). 

® For radon oolloctioT; and purifn^ation t<;chniquo, soe W. Dnane, Phys. Rev., 6, 
311 (1915); (1. Faiila, U.S. patent 1,553,794 (1925); It. bivinfrston, Rev. Sci. Inslru- 
merits 4, 15 (1933); P. A. Macdonald and M. S. MarKolose, Rev. Sci. Instruments, 12, 
320 (1941). 

* A. S. lOve and L. («. (Iriinmctt, Nature, 139, .52 (1937). 
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wave length and the height indicating its relative intensity. This plot 
shows only the more prominent lines in the gamma-ray spectrum. For 
a more detailed description of this spectrum, the reader is referred to an 
article by Steadman,^ who found one line with a wave length of only 
0.00017 A. The upper curve for the continuous x-ray spectrum at 1 
million volts was computed from Kramers’s formula (3-22). The lower 
curves for lead filters were calculated from the upper curve, the mass 
absorption coefficient of lead at these wave lengths being known. From 
the graph, it may be seen that 2-million-volt x-rays would probably be 
a better substitute for radium gamma rays than 1-million-volt x-rays are. 
Absorption coefficients of radium B -h C gamma rays in aluminum, 
carbon, and lead have been determined by Roberts. ^ 

The fact that gamma rays have a line spectrum naturally suggests 
that their origin might be explained on the basis of discrete nuclear energy 
levels, just as characteristic x-ray spectra are explained on the basis of 
the electronic energy levels of an ion. The existence of discrete nuclear 
excitation levels, corresponding to the K, L, etc., excitation levels for 
x-rays, has been experimentally confirmed. The prediction of nuclear 
energy levels by quantum mechanics cannot be very successful until the 
law of interaction between the nuclear particles (protons, neutrons, etc.) 
is known.® The generally accepted view is that the nucleus, after eject- 
ing an alpha or beta particle, sometimes makes a readjustment immedi- 
ately afterwards (as in the disintegration of 82 Pb®^^) and sometimes does 
not (as in the disintegration of radium), this readjustment being the 
process that generates the gamma rays. 

Details regarding the handling and use of radium will be found in 
Chaps. 11 and 12, and the precautions necessary for protection from the 
gamma rays are explained in Chap. 10. 

In 1932, Chadwick'^ discovered that a piece of beryllium placed close 
to a piece of polonium emitted neutrons. The energetic alpha i^articles 
from the disintegrating polonium bombarded the beryllium, with the 
result that the following reaction took place, 

aHe^ H- 4Be» -> (8-2) 

which means that a nucleus of a helium atom, having charge of 2 and 
mass of 4 (that is, an alpha particle), collides with the nucleus of a beryl- 
lium atom, having charge of 4 and mass of 9, the two unite to form a new 
atomic nucleus having charge of 6 and mass of 12 (this must be carbon 

1 L. T. Steadman, Phys. Rev., 36, 460 (1930). See also J. E. Roberts, Phil. May. 
36, 264 (1945). 

“ J. E. Roberts, Proc. Roy. Soc. {London) A, 183, 338 (1945). 

® See, for example, K. M. Guggenheimer, Proc. Roy. Soc. {London) A, 181, 160 
(1942). 

* J. Chadwick, Proc. Roy. Soc. {London) A, 136, 692 (1932). 
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since the atomic number of carbon is 6), and a neutron (particle with no 
charge and mass of 1) is ejected. Equation (8-2) is often written in the 
more abbreviated form 

4Be®(2H64,oni)6Ci2 (8-3)- 

Later it was discovered that a copious supply of neutrons could be 
obtained from beryllium by bombarding it with deuterons, for example 
from a cyclotron, the reaction being 

4Be»(iH2,oni)5Bi» (8-4) 

In both these processses, the neutrons are ejected at energies of several 
million electron volts. Such free neutrons are short-lived particles. A 
neutron soon encounters some atomic nucleus and coalesces with it, the 
result being a new nucleus that is usually unstable. 

The commonest methods of obtaining neutrons have been described 
here so that a few remarks in Chap. 11 regarding neutron therapy will be 
more intelligible and also so that there will be no doubt as to the origin of 
the neutrons used in some of the reactions to be mentioned in the next 
section. Neutrons which have slowed down, nearly to thermal velocities, 
are called “resonance neutrons.” 

3. Artificial Radioactivity, or Induced Radioactivity. One of the 

first discoveries^ made Avlien the first cyclotrons were put into operation 
was that unstal.)le radioactive isotoi>es of most of the elements could be 
produced by bombarding matter Avith neutrons or high-energy deutons, 
alpha particles, or protons. Over 300 such radioactive isotopes have 
already l>oen produced and listed in tables.- Most of them can be pre- 
pared by several dilfcrent processes. 

For example, the radioactive isotope of phosphorus, has been 

used in efforts to develop improved methods of radiation therapy. It 
disintegrates by ejecting beta particles, but no gamma rays. The energy 
of the beta particles is 1.G9 million electron volts. Its half life is 14.3 
days. It has been prepared in the following ways: 

i 5 P''”(o^i'ST)i 5 P'^‘^ (gamma-ray photon emitted) 
i,,S»"(orP,iH4)i.,P«-‘^ 
i7Cn-'“->(or?^JIe0uT''’=^ 
lBS»n^H^2Tlc'‘)l5P=’=^ 
i4Si2‘->(->Thv‘,iIP)iBP*' 

This is a typical example of an tirtificially radioactive isotope. 

^ J. T). f’-ookroft, and I'l. T. S. Walton, l*roc. Hoy. Hoc. (Lorulon) A, 137 , 229 (1932). 
See also Irene Clurio and F. .loliot, Compi. rcrul., 196 , 1885 (1933), 198 , 254, 559 
(1934); .7. phys., 4 , 494 (1933), 6 , 153 (1934); J. 14. Cockroft, C. W. (iilhert, and 
E. T. S. Walton, Nature, 133 , 328 (1934). 

2G. T. Soaborg, Rev. Modern Phya., 16 , 1 (1944). This article contains a bibli- 
ography of more recent work on induced radioactivity. 
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Practically all artificially radioactive isotopes decay by ejecting beta 
particles; but in a surprisingly large number of cases, perhaps 10 or 20 
per cent, the beta rays are positive, consisting of positrons instead of 
electrons. Examples are Na^^, and AP®. In beta-ray 

decay of natural radioactive substances, the emission of positrons is 
almost, but not quite, unknown. There is evidence that perhaps 1 per 
cent of the beta rays from some of them consist of positrons.^ It has 
been found possible to manufacture 84Po2^“ (radium F) artificially; it 
decays by emitting an alpha particle, but since this isotope is also a 
naturally occurring radioactive material it is rather a poor exception to 
the general rule that artificially radioactive materials do not decay by 
alpha-particle emission. Several of these materials disintegrate by a 
process known as “K electron capture.” 4 Be^ is an example.'^ This 
atom has an unstable nucleus with a half life of 43 days. When it disinte- 
grates, it captures one of its own K electrons, thus becoming an atom of 
sLi^, and gamma rays are emitted in the process, although this is not 
always the case.® 

The alpha particles ejected by the disintegration of natural radio- 
active elements have discrete energy values constituting a ‘Tine” spec- 
trum. The beta particles from both natural and artificial radioactive 
disintegration have a continuous energy spectrum, all energies being 
observed up to a definite maximum; a beta-ray line spectrum is super- 
imposed upon this. The gamma rays from either artificial or natural 
disintegration have a line spectrum. 

4. Fission. This discussion may be brought to a close by mentioning 
the process known as “fission,” discovered"^ in 1939. This is a process 
in which the isotope upon capturing a neutron, becomes unstable in 

such a way that it splits into two large parts instead of merely ejecting 
an alpha or beta particle. The resulting fragments may bo f.eBa and 
aeKr, or 67 La and asBr, or ssCs and srRb, or, at any rate, elements having 
atomic numbers around 56 and 36 and adding to 92. U“®® can bo oxcnted 

so as to split in this way by the mere presence of neutrons that are 
“at rest,” that is, neutrons of only thermal energy, called “thermal 
neutrons.” Ordinary uranium contains less than 1 per cent IT®®®, 
and the problem of separating it from the principal isotope, U®®®, appoai-ed 
almost insuperable when it was first contemplated. 

Taking the fission of into seBa and seKr as an example, one 

^ J. Chadwick, P. M. S. Blackett, and G. P. S. Occhialini, Proc. Roy. Soc. (London) 
A, 144 , 235 (1934); D. Skobeltzyn and E. Stepanowa, Nature, 133 , 565, 646 (1934). 

® R. B. Roberts, N. P. Heydenburg, and G. L. Locher, Phys. Rev., 63 , 1016 (1938). 

® P. K. Weimer, J. D. Kurbatov, and M. L. Pool, Phys. Rev., 66, 209 (1944). 

* See L. A. Turner, Rev. Modern Phys., 12, 1 (1940); also N. Bohr and J. A. Wheeler, 
Phys. Rev., 66, 426 (1939); for details regarding the atomic bomb, see IT. D. Smyth, 
“Atomic Energy for Military Purposes,” Princeton University Press, 1945. 
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notes that the atomic weights of barium and krypton are 137.4 and 
83.7, respectively, adding to 221.1. This is considerably less than the 
mass 235 present in the original uranium isotope. The apparent dis- 
crepancy in mass number of about 14 (235 minus 221) may be slightly 
illusory if the products are radioactive isotopes of mass greater than 
137 and 84; and then, too, several neutrons are liberated in the fission 
of each atom, so that the mass which actually vanishes is considerably 
less than 14; perhaps only 1 or 2, or even less than 1. Nevertheless, a 
significant fraction of the original 235 mass units is transformed into 
energy according to the me® relationship [equation (4-15)]. The libera- 
tion of several (fast) neutrons by each uranium atom undergoing fission 
makes the process cumulative, when conditions are adjusted so that the 
fast neutrons are retarded to thermal velocities before escaping from the 
sample. Hence, a terrific explosion can be produced. 

Ilesonance neutrons from the fission of may be used to change 
some of the plentiful isotope of uranium (U^®®) into U®®®. This undergoes 
beta- type radioactive decay (half life 23 min.) into a new element ‘'nep- 
tunium” oaNp*^®®, which in turn undergoes beta decay (half life 2.3 days) 
into another new element “plutonium” 94 Pu^®®, emitting gamma rays in 
the process. Plutonium also is capable of undergoing fission, and it 
a|)pearH that it is the essential ingredient of the atomic bombs first 
revealed in the bombing of Hiroshima and Nagasaki, Japan. 


QUESTIONS AND PROBLEMS 

1. What is a proton? Neutron? Positron? Meson? Neutrino? Deuton? 
Alpha particle? How many neutrons and how many protons are in an atom of 
ordinary stiihle sodium? What is mass number? What are thermal neutrons? 

2. In radioactive decay, is the mass of the disintegration products the same as the 
ina.HS of th(^ original material, or is it greater or smaller? If these masses are accu- 
rately uMvisured, how may one calculate the energy released in the process? 

3. Is the ra.te of the disintegration or fragmentation process controllable in 
natural radioa(d.ivity ? In artiftcial radioactivity? In nuclear fission? Is alpha-raj 
<‘misKion commonplace in artificial or natural radioactivity, or both? Answer th« 

satins ijuc.stion for K-electron capture. . «? j- 

4. A half gram of radon-free radium is combined with chlorine to form radiun 

chloride, which is sealed in a capsule designated as capsule A. A week later, th 
cansuh^ will <-.ont,ain how many millicuries of radon? On this day (Monday), th 
capsule is opene.l and the radon pumped out into another capsule, designate^ 
as <^ni)sul(i /i, after which both A and B are sealed again, A containing the radiur 
chlori<l(‘ and B the week’s accumulation of radon. On the next day (Tuesday) whic 
will ■■Xhil.it th<. grettor .u.tiv^ty? Answer 

B “ WmihT’voi. 'leSbe the .merRy distribution of alpha rays as a oontinuor 
sp.x.tru... or lino spnntrun.7 Iteta rays? Gamma rays? Suggest a reason wh 

jiiiv of niiirlitj lijtvc ii lirK/ spoctiruiTi- i i i? ■ j.*i 

^6 Lmo. !>='=“ might be produced by bombarding sand with what kind of projectil< 

of high cmergy? Wliat sort of particles arc required to cause uranium to underg 

fission? How may one obtain these particles? 



CHAPTER 9 

X-RAY DETECTION, MEASUREMENT, AND REGISTRATION 


1. Fluoroscopy. Having discussed the generation of x-rays and 
gamma rays in the preceding chapters, we logically turn next to methods 
of detecting, measuring, and registering them. The oldest method in 
the case of x-rays is, of course, the one that enabled Rontgen to discover 
them — fluorescence. This method has little or no practical value in the 
case of gamma rays, but it was nevertheless an important method of 
investigation in early studies of radioactivity, the “scintillations” of a 
fluorescent screen being the historic way to detect alpha and beta rays 
and to estimate their intensity. 

It was mentioned in Chap. 1 that Rontgen’s fluorescent screen 
depended upon the fluorescence of barium platinocyanide. Such a 
material is able to absorb photons of high energy, such as x-rays or ultra- 
violet rays, aud emit part of this absorbed energy in the form of the 
lower energy photons that constitute ordinary light. A fluorescent 
solid inorganic material of this sort is called a “phosphor.” Phosphors 
can also fluoresce under the action of high-energy particles such as 
cathode rays and alpha and beta rays. Familiar examples are a cathode- 
ray oscillograph tube screen, or the screen of a television receiver, or the 
material that glows on the hands and numerals of many watches and 
clocks under the action of the radioactive material mixed with it. Fluor- 
escence in ultraviolet radiation is familiar in fluorescent lamps, which 
have the inner walls of the glass coated with a phosphor. 

The commercial use of phosphors really began with Rontgen’s dis- 
covery of x-rays in 1895. They are used for two different purposes in 
ra^diography. In both cases, they are coated upon the surface of a suit- 
able backing, usually white cardboard; the resulting coated cardboard is 
called a “screen.” Depending upon which of the two purposes just 
mentioned is intended, such a fluorescent screen is called (1) a “fluoro- 
scopic” screen or (2) an “intensifying” screen. Fluoroscopic screens 
are used in medical work to make visual observations of a patient and in 
industrial work for inspecting objects easily penetrated by x-rays, sindi 
as oranges and packaged foods, for fitting shoes in shoe stores, for detect- 
ing nails and ruptures in automobile tires, etc. Intensifying screens 
are used to increase the sensitivity (and sometimes the contrast) of 
photographic films or plates to x-rays. X-rays will act upon a photo- 
graphic emulsion much as light does, but this effect can be greatly 
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increased by pressing an intensifying screen tightly against each face 
of the photographic film so as to form a ‘"sandwich." Then, in addition 
to the direct action of the rays on the film, the fluorescence of the phosphor 
on the screens exposes the film to visible light, thus producing a given 
exposure in a much shorter time or a much heavier exposure in the same 
time. 

Barium platinocyanide was widely used commercially for fluoroscopic 
screens until about 1910. It fluoresces with a brilliant green light. If 
went out of use because it is quite expensive and not stable, deteriorating 
under x-ray exposure. Next, artificial willemite was used commercial^ 
for fluoroscopic screens. This is zinc orthosilicate, although closeb 
allied compounds are also sometimes called willemite. Willemite als< 
fluoresces with a brilliant green light, but it has two defects. (1) I 
phosphoresces; that is, it glows a while after the x-rays are shut off, o 
displays “afterglow." (2) It fluoresces efficiently for soft x-rays, bu 
not for hard ones. Hence, a physician attempting to examine a patien 
with a thick chest cannot see much with a willemite screen because onl 
hard rays pass through to the screen. 

In 1914, C. V. S. Patterson introduced cadmium tungstate fc 
fluoroscopic screens, and until 1933 these “ Patterson standard screens 
were in practically world-wide use.^ They fluoresce with a bluish-whi“ 
light, have no afterglow, and are quite stable, so that a 20-year-o 
screen that has been well cared for is as good as new. 

In 1933, Jxwy and West- developed a new type of zinc cadiniu 
sulfide for fluoroseoi)ic! screens. Zinc sulfide had been known as 
phosphor for years but was not used in fluoroscopy because of its phc 
phorescent afterglow. Levy and West discovered that this could 
suppressed l)y the addition of a trace (1 part in 2 million, or less) 
nickel, Bereens of this material as now made glow ten times as bright 
as the earlier cadmium tungstate screens, under the action of x-ra; 


their color being a brilliant yellow-green. They are known comm' 
cially in this country as Patterson “type B" screens. 

To turn from fluoroscopic screens to intensifying screens, the phospl 
used for these has been cahfiuni tungstate ever since they have b( 
used. An intensifying scnuni should fluoresce so as to produce light 
the wave length to which photographic films are most sensitive, name 
the blue-violet or near ultraviolet. Buch photographically active rs 
ation is said to be “actinic." Ckilc.ium tungstate has a strong acti 
fluorescence. For general usage, (ialcium tungstate intensifying sere 


^ 'The Psittciraon Screcnj Division, K. I. tluPont dc Nemours & (Company, 1 
'Towandn, Pa. 

* L. Levy and D. W. West, J. Soc. Chem. Ind., 68, 457 {Chemistry & Indu 
17) (1939). 
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are still the best known. They have an intensifying factor of 10 or 15 
for ordinary radiographic work. That is, the exposure required without 
the screens is 10 or 15 times as long as with them. Extremely heavy 
x-ray exposures will sometimes discolor and damage such screens. For 
this reason, part of the screen should not be left unprotected while 
radiographing thick pieces of steel, etc. 

For soft rays, however, having an energy Qiv) around 40 kv., a new 
type of intensifying screen was developed in 1937 by Levy and West; it 
fluoresces a brilliant blue and is said to be six times as active as a calcium 
tungstate screen for these soft rays. These are known commercially 
as Patterson “Fluorazure” intensifying screens, and they are useful in 
certain types of diffraction work,^ especially where it is not necessary 
to make quantitative comparisons of intensities. These screens are like- 
wise made with a zinc sulfide phosphor, but a trace of silver is employed 
instead of the nickel used in the type B fluoroscopic screens. Gamerts- 
f elder and Gingrich^ report that for the molybdenum Ka lines this type 
of screen has an intensifying factor which varies from 1 to 13, depending 
upon the x-ray intensity. For copper K„, they report intensifying 
factors from 1 to 4, concluding that '‘it appears impractical to use this 
screen when true intensity measurements are necessary.” 

The desirable features of a satisfactory fluoroscopic or intensifying 
screen are uniform brightness of fluorescence for the whole screen, 
freedom from graininess, freedom from afterglow, and as intense a 
fluorescence as possible when exposed to x-rays of moderate or low 
intensity. These features can be attained only by careful manufacture. 
The basic ingredient of the phosphor used (ordinarily a sulfide, tungstate, 
silicate, phosphate, or borate) must be freed of even slight traces of 
such elements as iron, cobalt, chromium, or vanadium (or their com- 
pounds). On the other hand, the addition of a trace of copper, nickel, 
manganese, or silver (usually a compound of one of these elements) may 
be essential for success. This trace of added material is called an 
“activator” or “phosphorogen.” The material is then heated, some- 
times with a volatile flux such as sodium chloride, to a temperature near 
its melting point to induce crystallization ; otherwise it will not fluoresce. 
The prepared phosphor must then be coated very evenly upon its batiking. 
All this helps explain the astonishing price of what looks like “just a 
piece of cardboard.” A 14- by 17-in. type B fluoroscopic screen costs 
about $90. Intensifying screens are usually sold in pairs, since they 
are used on both sides to make a film “sandwich.” A pair of 14- by 
17-in. calcium tungstate intensifying screens costs from $30 to $50. 
Such valuable screens deserve good care. They should not be left out 

^ See N. H. Kolkmeijer, C. J. Krone, and H. Kunst, Nature, 140, 67 (1937). 

2 C. Gamertsfelder and N. S. Gingrich, Rev. Sci. Instruments, 9, 154 (1938). 
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to gather dust, nor should they be placed where drops of water, developer, 
or fixer might splash on them. They should be freed of dust occasionally 
by wiping with soft flannel, which may be moistened with pure ethyl 
alcohol if the screen is dirty. 

The light emitted by a phosphor usually covers a continuous broad 
band in the visible. The theory of the fluorescence of phosphors depends 
upon the electronic energy-level bands present in insulating or semi- 
conducting crystals.^ In the case of zinc sulfide,^ the process is sup- 
posedly somewhat as follows: An electron is excited from a lower, filled 
band to one of the upper, normally vacant bands. An electron from 
one of the activator atoms (the trace of copper or nickel, etc.) then falls 
into the vacancy thus left by the excited electron, which has meanwhile 
dropped into one of the levels existing only at grain boundaries, surfaces, 
etc. There it remains trapped (in a metastable state) until it is reexcited 
to the upper band again, from which it may be captured by one of the 
activator atoms that has lost an electron, as already mentioned. This 
last process represents an energy drop that supposedly emits the light 
photon. 

Gaertner^ has measured the efficiency of a Schering-Kahlbaum^ 
cadmium tungstate fluoroscopic screen, using the continuous radiatior 
from a tungsten target bombarded at 90 kv., a voltage commonly usee 
in medical diagnostic work. His results indicated that only aboui 
one-half of 1 per cent of the energy of the x-rays absorbed by the screei 
reappeared in the form of light. 

Ilford, Limited, Ijondon, England, has developed a photographii 
paper, called “ Kryptoscreen x-ray paper.'' This paper is coated witl 
a photographic emulsion, like the paper upon which ordinary photograph 
are printed, but it is intended to be used in place of a photographic filn 
for certain types of x-ray work. Such x-ray papers have been manu 
factored by various companies for years, but this particular one is men 
tioned because it is made with a fluorescent pigment underneath th 
usual silver halide emulsion — a sort of self-contained intensifying screer 
In addition, Ilford sells an intensifying screen called “Brytex intensifyin 
leaf" and made specially for this paper, to press against the top of th 
emulsion on it. Like any intensifying screen, it must be pressed firml 
into (iontact with the entire surface of the photogi'aphic emulsion; othe 
wise, only a blurred indistinct image will result upon development. 

Ordinary intensifying screens are not very flexible. Bending the: 

IF. Seitz and It. P. .lohnson, Applied Fhys., 8, 84, 186, 246 (1937); cf. al 
See. 5-3. 

2 R. P. Johnson, Am. J. Fhys., 8, 143 (1940). 

® O. Gaertner, Z. tech. Fhysik, 16, 0 (1935). 

* Schering-Kahlbaum A.G., Berlin, Germany. 
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s hP fT ply H fl.TYi fl.gAs tlieiii. This lack of mechanical flexibility makes it» 
impractical to curl them up to place them inside small cylindrical casting*^ 
for industrial radiographic work,^ in which it is often necessary to ciit< 
the film to special odd sizes to fit into corners, etc. Cutting up fluo- 
rescent intensifying screens is an expensive busin<^ss, and this limits tlicii' 
use in such work. 

l?7hen a fluoroscopic screen is incorporated into a device that enablos 
one to view the screen effectively while it is fluorescing under the action 
of x-rays that have passed through something to be examined, tlio 

device is called a “fluoroscope." 
In its simplest form, a fluoroscope 
may be merely a pyramidal box 
with a handle, with which one may 
view the screen behind a protective 
lead glass in a light room (Fig. 9-1) - 
In its more complex forms, it may 
include a motor-driven conveyer 
belt to bring up and carry away tbe 
objects examined, a mechanism for 
rejecting the defective ones, a heavy 
lead-glass screen for partial protec- 
tion of the operator from x-rays, a mirror so the screen may be viewed by 
reflected light for further protection, shutters, etc. In medical work 
it may include shutters and timing devices, rests to support and steady 
a standing patient, or an adjustable cot for him to lie on. It may also 
include a counterweighted mechanism permitting the screen to be moved 
to any desired position, automatically keeping the tube in alignment at 
the proper distance. 

To be of much use, a fluoroscopic screen must be viewed in a dark or 
nearly dark room by a person whose eyes have had time to become 
adapted to the dark. Under the best conditions, a fluoroscope will reveal 
cavities in steel plates 1 in. thick if the cavities have a diametei* 
of about 0.1 in. or more, 200-kv. x-rays being used. This pei*- 
formance is so much poorer than the photographic method (that is, 
radiography), that the latter is universally used in such work. T'’or 
production-line inspection of light objects like canned foods, packaf^ed 
foods, and citrus fruits and for such purposes as inspecting automobile 
tires, checking the fit of shoes, setting bone fractures, and observiiifi; 
heart action, fluoroscopy is widely used. 

Care must be exercised to protect the operator of a fluoroscope from 

^Eastman Kodak Co., Rochester, N.Y., manufactures calcium tungstate inttMi- 
sifying screens for industrial work that may be bent to a radius of 4 in. or, for 
added cost, to a radius of 2 in. 



Fig. 9-1. 
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exposure to the x-rays. Protection is discussed in the next chapter. In 
continuous work, eye fatigue limits the operator to about 1 hr. at a time. 

2. X-ray Photography. X-rays affect a photographic film much like 
ordinary light, and consequently x-ray photography has much in com- 
mon with ordinary optical photography. The words ‘^photography 
and “photograph” are derived from the roots “photo” (light) and 
“graph” (write). When x-rays or gamma rays usurp the role of the 
light, the terms “radiography” and “radiograph” (radiation writing) 
are used, or occasionally the term “shadowgraph” is used synonymously 
with the noun “radiograph,” but not as a verb like the verb “radio- 
graph.” If it is desired to exclude gamma rays from consideration and 
limit the term strictly to x-rays, the term “x-ograph” or “exograph” 
is sometimes used. None of these terms is applied to a photographically 
recorded x-ray diffraction pattern, however. 

Although optical photography resembles x-ray photography in many 
respects, there are also numerous important differences. F or one thing, 
there is nothing in x-ray photography corresponding to the lens of an 
optical camera. For another, the x-ray “cassette,” which corresponds 
to a plateholder or film holder in an optical camera, need not have a 
slide that pulls out to expose the film because x-rays are so penetrating. 
This high penetration creates the problem of stopping or absorbing as 
much of them as possible in the film. In the case of hard x-rays, 99 
per cent or more of the rays will pass right through the film. Only the 
small fraction that is absorbed has any effect in “exposing” the film. 
Hence x-ray film is usually made thicker than optical film, and it is 
usually coated with an emulsion on both sides. Such film is sometimes 
called “duplitized” film. Singlcvcoated x-ray film is used in some types 
of diffraction work where extreme detail and contrast are desired and 
the rays are soft. Single-coated film or plates are also used in micro- 
radiography or other similar work with very soft x-rays. 

Double-coated x-ray film is of two general types. One type is 
intended for use with fluorcNscent intensifying screens, although it may 
be used without scnHius. 'Phis is “ordinary” x-ray film, of the same 
general type that has been used bn- many yt^ars. I'he other general type 
is intended for use without any fluorescent intensifying screens, although 
lead foil is often used in cont.act with the film and acts as an intensifying 
screen, ''riiis int(msifying ac:tion of U?a<l foil is due, not to Muoreseence, 
but to the high-speed i)hotoel(ud,rons that t.he x-rays (qect from its 
surface and that, h(;lp to expose tlie film. This type; of film is known as 


“no-screen” or “nonscr(;en” film. 


When \is(;d without screens, Oamertsfel(U;r aiul Gingrich^ have 
determined that nonsc.reen film is alxnit 2^ tinu;s as fast as ordinary x-ray 
^ C. Cijunertsfelder luul N. S. CJingrich, Kw. Set. htsinmienls, 9, 151 (l‘.)3cS). 
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film used in tfie same way, when exposed to molybdenum Ka radiation. 
Since this gain is constant, as contrasted with the variable gain that they 
observed (page 170) with fluorescent intensifying screens, the nonscreen 
type of film is widely used without screens in diffraction work, especially 
where relative intensities must be measured. When extreme sharpness 
and detail are more important than speed in the case of a particular 



Fig, 9-2, — Comparing A (upper) ordinary nonscreen x-ray film with H (lower) fine-graiiiod 

nonscreen film, 

diffraction pattern, it is advisable to use the nonscreen Him coated with 
an emulsion on only one side, like optical film. 

The nonscreen type of film was first placed on the market by Agfa 
in 1936. At present, this type of film is available from other manu- 
facturers as well and is made in grades having high speed wdth niotlerate 
contrast or moderate speed with fine grain and high contrast. Ordinary 
x-ray film, intended for use with fluorescent intensifying screens, is also 
made in several types so that one may choose a fine grain for detail and 
contrast by sacrificing some speed, or vice versa. The high speetl x-ray 
films have a grain size that permits them to resolve some 20 to 40 lines 
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per millimeter (500 to 1,000 lines/in.). The tine-grained films will resolve 
some 60 to 100 lines/mm. (1,600 to 2,000 lines/in.). 

Figure 9-2 compares the radiographs of a weld in f-in. steel plate 
obtained (1) using ordinary nonscreen film, like Agfa Non-screen or 
Eastman Industrial Type K, and (2) using a fine-grained nonscreen film, 
like Eastman Industrial Type M or Agfa Superay B, for example. It 
will be seen that the fine-grained film is ‘‘harder" or more “contrasty" 
than the film of ordinary grain size. The fine-grained film requires an 
exposure about ten times as long as that needed when ordinary nonscreen 
film is used. 

For very hard radiation, such as million-volt x-rays or gamma rays, 
the nonscreen type of film is to be recommended. If the exposure is 
inconveniently long, the film may be sandwiched between lead-foil 
intensifying screens. The film should be of the moderate-speed fine- 
grained high-contrast type, unless it is necessary to show very thick and 
thin sections as clearly as possible in the same radiograph. Ordinary 
film and fluorescent screens are to be avoided in this type of work, for 
the fluorescent screens have little or no intensifying action with such 
hard rays and under these conditions usually produce coarse graininess 
in the radiograph. 

The nonscreen type of film is not widely used in medical work because 
it is not as sensitive as ordinary film sandwiched between fluorescent 
intensifying sci^eens. Lead-foil intensifying screens are avoided in 
medical work because they would absorb a large fraction of the com-^ 
paratively soft rays used for diagnostic purposes. The use of nonscreen 
film or lead screens would lengthen exposures, increasing the chance of 
movement of the patient or organs such as lungs, heart, etc., during the 
exposure. If many radiogi’aphs are to be taken, a long exposui'e for 
each one might result in an unduly high and perhaps harmful x-ray dose 


to the patient. 

In addition to x-ray film, there are also manufactured x-ray “papers." 
These are similar to the photographic paptu-s on which ordinary photo- 
graphs are printed. The chief advantage of x-ray paptu- over film is 
that it is cheaper. For tins rt^ason it is sometimes uscid in routine radi- 
ography of large groups of persons, for example to detinit dist^ases of the 
chest in their (uirly stages in school c.liildrtm. The <lisad vantages of 
paper are its inferior sensitivity and latitude, the im[)ossil)ility of using 
an intensifying scnnui beliind it, and tlu^ difficulty of making duplicates 
from an original. The first two disadvantages have been at least partly 
overcome in the new Kryptos(u-een x-ray paijer mentioned in the pre- 
ceding section. 

For mi(;roradiography, where the photogi-aphic image is subsequently 
enlarged, sometimes as much as 300 diameters, it is necessary to use a 
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Table 9-1. — X-hay Films 


Agfa Ansco 

Buck 

duPont 

Eastman 

Industrial Film for Use with Fluorescent Intensifying Screens 

Industrial 


504 

F 

Industrial Nonscreen Film — Fast 

, Wide Latitude, Medium Grain 

Non-screen 

1 


K 

Industrial Nonscreen Film — Medium. Speed, Contrasty, Fine Grain 

Superay A 


506 

A 

Industrial Nonscreen Film — Slow, High Contrast, Very Fine Grain 

Superay B 



M 


Medical Film for Fluorescent Intensifying Screens — Medium Speed 



Standard 

502 




Medical Film for Fluorescent Intensifying Screens — Fast 

High Speed 

Fast 

508 

Blue Brand 


Medical Nonscreen Film 


Non-screen 


No-SC roc n 


Medical Film for Photoroentgen Work* 


“ Fluorapid ’ ' (35 mm. ) 


507 

Supc.^r X X 


X-ray Diffraction 

Non-screen 



No-scrceii 



Microradiograpliy up to 20 Diameters 

Superay B 



M 



Mieroradiography from 20 to 30 Diameters 

“Minipan” 


Fine-grained positive rnotion-pi(‘.ture film 

or process film or jjlatos 

1 


Mieroradiography from 30 to 200 Diameters 




Spoctrograjihic 

548-0 





* See p. 222. 
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grainless type of photographic emulsion such as the Lippmann emulsion. 
This type of film, which is extremely slow, was formerly available only 
from the Gevaert Company of Antwerp, Belgium, but plates and film with 
a sufficiently fine grain are now made by Eastman. They are called 
type 548-0 ” spectrographic film or plates and have a resolving power of 
2 microns, or 500 lines per millimeter. These are also very slow 
compared with ordinary x-ray film. 

When x-ray spectra are recorded photographically, a peculiar effect 
is produced because of the K absorption edges of silver and bromine. 
The reason for this was explained on page 74, and the phenomenon was 
illustrated in a photograph by M. de Broglie (Fig. 5-4). 

The principal x-ray film manufacturers in the United States, in 
alphabetical order, are 

Agfa Ansco General Aniline and Filna Corp., Binghamton, N.Y, 

Buck X-Ograph Co., St. Louis, Mo. 
duPont Film Mfg. Corp., New York, N.Y. 

Eastman Kodak Co., Rochester, N.Y. 

X-ray film as supplied by the manufacturer is wrapped so that each 
film is enveloped in a piece of black paper folded at one edge so as to 
cover both faces. If it is desired to use the film in a cassette provided 
with intensifying screens (either fluorescent or metallic), the film must 
of course be removed from this wrapper before inserting it in the cassette, 
unless it is desired deliberately to prevent any intensifying action and 
make a true nonscreen exposure. 

To turn to the quantitative study of the effect of x-rays on photo- 
graphic films or plates, it is found that the relationships are somewhat 
different from those for ordinary light. The usual method of determining 
the blackening of a photographic film is to measure the percentage of 
ordinary white light that will pass through it. If a narrow beam of 
parallel light rays is directed perpendicularly against a certain spot on 
the film and only 5 per cent of the light emerges on the other side, the 
film is said to have an “opacity’’ of 20 at that spot because only one- 
twentieth of the light is transmitted. The common logarithm of the 
opacity (1.301 in this case) is called the “density” of the blackening a1 
the spot in question. The density resulting when a film is developec 
depends upon the “exposure” to which it was previously subjected. Th( 
exposure, in turn, is a quantity E which is proportional to the intensity 
I of the radiation whic^h struck the film and the time t for which thii 
intensity was maintained. That is, 

E = kit (9-1 

where k is a constant and I is also constant during the time U Thus, ai 
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exposure to x-rays from a tube operating at 150 kv. and 10 ma. for 3 min. 
at a distance of 4 ft. is six times as great as an exposure at 160 kv. and 
5 ma. for 1 min. at 4 ft. If the voltage is raised to 180 kv., so as to change 
the wave lengths of the radiation and increase the intensity, then the 
exposures at this higher voltage must all be multiplied by a constant that 
may be determined experimentally, in order to compare them with the 
150-kv. exposures and to predict the density that they will produce in the 



photographic film. If I varies during the time of the exposui’e then E is 
given by 

E I dt (9-2) 

The usual method of expressing the relation between the exposure and 
the density is to plot a curve in which the logarithm of the exposure is the; 
abscissa and the resulting density after development is the ordinates 
This method was first used by F. Hurter and V. C. Driffield, and hence 
such curves are called “H and Z> curves” or “characteristic curves” fora 
given film with a given type of radiation. Figure 9-3 shows a typic^al // 
and D curve for film exposed to ordinary light. The film has a small 
density even if developed without any exposure, and this represents a 
minimum unavoidable “fog.” The initial part of the curve up to the 
point A is called the “toe” of the curve. From A to B the curve is 
straight or nearly so; and in this range, called the “working range of 
densities,” from about 1 to 3, the density increases uniformly with increa.s- 
ing exposure. If the straight line is projected back to the horizontal 
axis, the intercept is called the “inertia.” The inertia is sometimes 
regarded as an indication of the film speed, “fast” films having small 
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inertia and “slow” films much inertia. The speed of a film is more 
practically defined as the reciprocal of the exposure required to produce 
the density desired, for example the average density of a photograph. 
The slope of AB (that is, tan 6 in Fig. 9-3) is called the “gamma” of the. 
film. If the film has high gamma, it is said to be “hard ” or “contrasty.” 
If the gamma is low, the film is “ soft.” Beyond B the curve rounds off to a 
maximum beyond which the density actually decreases with exposure. 
This occurs only for exposures perhaps a million times or more greater than 
those ordinarily used. This phenomenon is called “ solarization, ” and it is 
one type of photographic “reversal.” Solarization with x-rays has been 
studied and compared with solarization by visible light by May.^ 

The exposure was defined as a quantity proportional to the intensity 
of the radiation times the time it strikes the film. This naturally brings 
up the question as to whether an exposure to a certain intensity for 100 
sec. will have the same effect as an exposure to a hundred times that 
intensity for 1 sec. There is a law of photography, known as the “ Bunsen- 
Roscoe reciprocity law,” which states that it will produce the same 
density. Actually, this law fails if carried to extremes with ordinary 

light. In the case of x-rays, BelP has determined that the law holds 

over an intensity ratio of 100:1 and with fair accuracy over a ratio of 
1,000:1. However, x-ray exposures vary from 1 microsec. in x-ray snap- 
shots of bullets in flight (page 290) to 100 hr. or more in some x-ray 

diffraction work, and thus the ratio of intensities actually used in i)ractice 
is roughly 500 billion, although for any given appli(uition the ratio seldom 
exceeds 1,000. The question of an intermittency effec*,t also arises. If 
a film is exposed for 1 sec. each minute for 1 hr., is the resulting density 
the same as for a steady exposure for 1 min. at the same intensity? If 
not, there is said to be an “intermittency effect.” Bell could detect in 
such effect for x-rays. 

To return to the H and D curve, Fig. 9-3 is a typical curve for ordinai\^ 
light. Figure 9-4 compares a typi(‘,al H and D curve for x-rays with on< 
for light. This figure is due to C^iarlesby.^ It will bo noticuMl that tin 
characteristic curve has a much longer toe for x-rays than for light. Th' 
differencie between the effect of x-rays and the effect, of light u])on a photo 
graphic emulsion, for slight exposures, may be made (4c^arc(r by plottin 
density D against exposure B, as in Fig. 9-5, ratluu' than a, gainst log li 
as in an II and D ])l()t. It is seen that, with x-rays, density is ])r()]n)rlioiu 
to exposure from zero up to densiti(;s of I or more. Acc*.ording to Bel 


^ A. Miiy, •/. Optical Sor. A m., 33, 81 (104:9. 

2 (}. K. hell, Brit. J. Radiol., 9, .'>78 (llKid). 

2 A. (Iharloshy, Prnc. Pkys. Soc. (London), 52, O.')? (1940); sco also TT. E. S(Mvman 
A.S.T.M. Bull., 17, May, 194.'); also E. A. Owtai a.iul 1. tJ. Edmunds, Phil. Mai 
36, .54 (1945). 
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the density does not vary linearly with log E (as in the case of light) until 
a value of 3 or more is reached for D with double-emulsion film (or until 
D — 2 with single-emulsion film). Inasmuch as a film density of 3 is 


2 



\oqJS 

Fio. 9-4, — Typical H and D 
curves for (/) light and (II) x-rays 
compared, (Charlesby; Courtesy of 
The Physical Society, London,) 



Fig. 9-5. — Typical dousity- 
versus-exposure curves for (/) light, 
and {II) x-rays coinijai*ed. 
{Charlesby; courtesy of The Physical 
Society, London,) 


quite dark, the behavior in the region Z> = 4, where D increases linearly 
with log E, has but little practical interest. As may be seen in Fig. 9-3, 
reversal occurs after D reaches 4 or 5. 

These curves show that the x-ray photographer is faced with a 
simpler situation than a photographer using ordinary light. With 

x-rays, when the exposure is doubled 
(by doubling the time, doubling the 
tube current, or reducing the dis- 
tance 29 per cent), the film density 
will be doubled, for light and medium 
exposures at any rate, when a non- 
screen technique is used. Th(^ shapes 
of the H and D curve for x-rays is 
independent of the wave length, ex- 
cept for extremely soft rays having 
a wave length of 10 A. or more. 
Rays as soft as this will not penetrate! 
even a few inches of air and ai'c i'ar(dy 
used in ordinary work. For ordi- 
nary x-rays, one can make tlu^ II and 
D curve obtained at any wave length 
fit the H and D curve for any other wave length by merely multiplying 
all the E values by a constant. 

Figure 9-6 is a typical H and D curve obtained by Roll for single- 
emulsion film with x-rays. The abscissas represent the logarithm of t he 



Fig. 9-6. — Typical H and D curve for 
x-rays. (Bell,) 
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x-ray exposure measured in roentgens, a unit that will be defined in the 
next section. 

On the basis of the quantum theory, Silberstein and Trivelli^ have 
derived a theoretical equation for the H and D curves for x-rays. It is 

K = N(1 - (9-3) 

where K is the number of photographic “grains” in the photographic 
emulsion, out of a total number N, that are rendered developable by an 
incident quantity of radiation consisting of n photons per unit area: 
a is the cross-sectional area of each grain; and e is the probability of a 
grain becoming developable when struck by a photon. This equation 
fits x-ray H and D curves quite well but is unsatisfactory for ordinary 
light, supposedly because one x-ray photon usually suffices to render £ 
grain developable, this being untrue for light. BelPs curve of Fig. 9-f 
fits the empirical equation 

D = 4.41(1 - ( 9 - 4 ; 

which obviously agrees with (9-3). 

With duplitized x-ray film, average densities of 1^ to 2^ are best fo 
radiographic work, and the film should be viewed against a brilliantb 
illuminated translucent screen in order to bring out detail as clearly a 
possible. Underexposure is a greater handicap than overexposure t 
the person trying to interpret the i*adiograph. 

Metallic intensifying screens usually consist of sheets of lead fo; 
pressed fii-mly against the front and back surfaces of the x-ray filrr 
which is duplitized and usually of the nonscreen type. The front screer 
nearest to the x-ray tube, is usually about 0.005 to 0.010 in. thick. Th 
back screen is usually thicker, 0.010 in. or more. The x-rays must pas 
through the front stu-een in order to reach the film, and the soft secondar 
and scattcM-c^d rays ai-e absorbed to a comsiderable extent by 0.005 in. < 
lead. Heiicie the front s{rreen tends to filter out the undesirable seconc 
aries and j)ass only the desired primaries, which are much harder. Then 
fore the fi-ont screen serves as both an intensifying screen and a filter. 

Seernann“ has sxiggest.ed that part of this filtering action may be di 
to thc! s<u-(^en intensifying f.he primaries more than it does the secondari 
and scattered rays, as well as to thc accepted explanation that the let 
absorbs more of th(^ secondaries and scattered rays than it does of tl 
primaricis. lie determined tliat the intensifying factor for double scree 
is about 3.9 at HiO kv. and increases to about 4.4 at 200 kv., the fro 
screen having a greater intensifying action than the rear one. 
intensifying factor reaches a maximum somewhere in this region, ho 

lb. Silborstoin fUKl P. H. ^I’rivolli, Phil. Maq., 9, 787 (1030). 

2 H. 10. Beoniann, J. Applied Phys., 8, 836 (1937). 
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ever, for it is only about 2 or less for million-volt x-rays and is still less 
for gamma rays. Seemann also investigated the use of other metals 
but concluded that lead offers the best combination of properties. In 
ordinary radiography, as distinguished from microradiography, the 
definition achieved in a radiograph is as good with lead screens as without 
screens. This is not true of fluorescent intensifying screens. 

As already mentioned, the intensifying action of lead foil in contact 
with the sensitive emulsion of an x-ray film is due to the photoelectrons 
and Compton recoil electrons that the x-rays eject from the surface of 



Fig, 9-7. — H and D curve for high-voltage electrons or catliode rays. {Baker^ Ramherg, 
and Hillier; courtesy of American Institute of Physics.) 

the foil (see Chap. 5). Such electrons have but slight penetrating 
power in work at ordinary voltages, and therefore the lead screens should 
be kept clean; even a dirty thumbprint will absorb some of the photo- 
electrons and be noticeable in the radiograph. As with any intensifying 
screen, the foil must be in intimate contact with the film if results are 
to be satisfactory; if it is not, only a blurred image results. Since the 
Compton recoil electrons have a forward direction (page 90), the front 
screen has a stronger intensifying action than the rear one. 

When metallic intensifying screens are used, more than half the effecti 
on the film is due to the photoelectrons and recoil electrons from the 
screens; therefore, it is well to know the character of the II and D curves 
for high-voltage electrons. Such curves have been obtained for ele<rtroris 
between 40 and 212 kv. by Baker, Ramberg, and Plillier,' using lantern- 
slide plates. They found that the shape of the curve (Fig. 9-7) is inde- 
pendent of the voltage over this range, although the sensitivity {D/K) 
reaches a maximum at 100 kv., falling off at both higher and lower 
voltages. When one considers that the continuous radiation from an 
x-ray tube operating at 200 kv. might be expected to produce a plentiful 

1 R. F. Baker, E. G. Ramberg, and J. Hillier, J. Applied Phys., 13, 450 (1042). 
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supply of photoelectrons from lead foil, most of them having an energy 
of the order of 100 electron kilovolts, the 100-kv. maximum for D/E 
observed by Baker, Ramberg and Hillier harmonizes with the observa- 
tions of Seemann mentioned on page 181. 

By comparing Fig. 9-7 with Fig. 9-4, it will be seen that the H and D 
curve for electrons is more like the one for light than the one for x-rays. 
Therefore one must expect an x-ray film sandwiched between metal 
screens to have an exposure charactei-istic for x-rays resembling that of a 
film for light. 

In order to secure good photographic results with x-rays, it is ol 
course necessary to observe all the precautions in the darkroom thal 
must be observed in ordinary optical photography. Film should nol 
be used after its expiration date. A suitable developer must be used 
it should be fresh, its temperature should be correct — which usually 
means heating in winter and cooling in summer — and the time of develop- 
ment must likewise be correct. The developer must be agitated during 
use, especially in the case of tray development. Similar considerations 
apply to fixing. Fixing solution should not be stored mixed; the hyp( 
solution and the hardener should be mixed just before the fixer is to b< 
used. Careful washing and drying are also important. 

Two difficulties arise in an x-ray darkroom that are not usuall’ 
encountei’ed in a darkroom used for optical photography. (1) Th 
prevalence of double-emulsion (duplitized) films greatly increases th 
chance of s(;ratching, which can be prevented only by great care i: 
handling. (2) X-ray film sizes ^ are frequently much larger than optice 
films. A 14- by 17-in. film is rare in op)tical work but commonplace i: 
x-ray work. A technique in handling that is quite satisfactory for film 
of small size is unsuitable for large, thick, heavy films. If one attempt 
to manipidate such a film in a horizontal position with one hand, as i 
loading into or unloading from the cassette, the film is almost certain t 
be slightly crinkled or kinked at the place where it is grasped. Sue 
mechanical strain causes blemishes to appear aftei- development tht 
look like regions of underexposure. When the humidity is low, stat 
discharges (!an be generated by pulling a film out of its l)lack paper eov< 
rapidly, and these leave ragged blemishes on the film after dcwelopmen 

Satlsfact(n-y developers often used in x-ray work are monome 
hydroquinone and metol-hydro(|uinone. Greeiiwood''^ states that tl 
latter type should have a bromide content of oiui-half of I per cent i 
less and a sulfite-carbonate ratio of 3:2. 1I(^ recommends a ratio f 

the metol-hydroquinone developing agents of 1 :4. This type of devc 
oper keeps well. Detailed formulas will be found in any good list 

^ For tables of x-ray film 'sizes, see J. Optical Soc. Am., 34, 626, 628 (1944). 

2 W. H. Greenwood, Brit. J. Phot., 86, 757 (1939). 
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common developers. X-ray developers prepared in forms requiring 
very little subsequent mixing for use are sold by x-ray equipment manu- 
facturers. The fixer should be acid and, according to Greenwood, 
should contain not over 40 per cent thiosulfate. The use of a “short- 
stop” (dilute acetic acid bath) between developer and fixer prolongs 
fixer life. The familiar series of Wratten safelight filters for various 
types of film includes a “series 6B” intended especially for use with 
x-ray film, 

If the negatives developed per day average 100 or more, it is most 
economical to use tank development and fixing. After exposure, each 
negative is clipped at each of its four corners to a film hanger. The 
hanger and film are then suspended in a tank containing 5 gallons oi* 
more of developer, each hanger being fitted with projections that permit 
the top of it to lie on the edges of the tank. Such hangers and tanks are 
available from x-ray equipment manufacturers or photographic-supply 
or x-ray film concerns. After sufficient time in the developer, the 
hanger and film are dipped in water for a rinse and then hung in the 
fixing tank for fixing. After this, they are transferred to a washing tank 
where plenty of fresh, clean water is circulating. After 15 to 30 min. 
of washing, they are transferred to a drying rack, where a fan speeds 
the drying. Finally, the films are removed from the hangers. 

If the negatives developed per day average less tlian 100, it is much 
more economical so far as consumption of developer and fixer are con- 
cerned to use tray development. The films should be turned over 
frequently while in the tray to prevent bubbles from spotting them. 
The trays must be rocked to agitate the developer and keep the film 
from adhering to the bottom. After developing and fixing, the nega- 
tives are clipped in hangers for washing and drying. For films of odd 
size that will not fit the hangers, film clips may be used, one at tlie top 
and another at the bottom, to keep the film from curling. 

Development time depends upon the type of developcn-, if,s freshntvss, 
and its temperature and upon the type of film and its ex|)osure. In 
industrial work on a large scale, these factors are usually cliosen so as 
to keep the development time under 4 min. Fixing time shoidd Ix^ 
about twice “clearing time,” which is the time rocpiired for thc^ film to 
become clear after it is immersed in the fixer. Films should not 1><‘ kd't 
in the fixer much longer than the proper time. Washing sliould last 
15 to 30 min. Films are damaged if neglected and left wjishing for 
several hours. 

Positive prints may be made from the film negative in the usual way, 
but for greatest detail it is best to view the original film as a transpai-ency ’ 
by means of a good illuminated translucent screen or film viewer, prefer- 

^ For the technique of duplicating radiographic films, sec S. 1). Herbeiri and J. F. 
McKenna, Jr., Ind. Radiography^ 4, 28 (summer, 1945). 
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ably one using fluorescent lamps, for these furnish a bright, distributed 
light of the desired color without much heat. Correct exposure is greatly 
to be desired, of course;* but if an error is made, it is better to have a 
slight overexposure than an underexposure. With duplitized films, the 
best detail is obtained at densities greater than those commonly regarded 
as most satisfactory in optical photography. Densities as high as 3 are 
occasionally used in radiography, although the most satisfactory average 
is probably about 2. For very dense negatives, an auxiliary high- 
intensity viewer is very helpful. One viewer of this type on the market 
uses an incandescent ‘''Photoflood’’ lamp in a fan-ventilated case with a 
-g-in. thick piece of Corning *‘Aldo” heat-absorbing glass. A rheostat 
in series with the lamp permits regulation of the intensity. The Kelley- 
Koett model uses a water cell to absorb the radiant heat. General 
Electric provides 11 fluorescent lamps for brilliant illumination. 

In radiography with hard x-rays, say at 140 kv. or higher, it is not 
uncommon to use two films instead of one. For a nonscreen exposure, 
two films are loaded into the cassette. With lead screens, a “double- 
decker” sandwich is used consisting of foil-film-foil-film-foil. If any 
doubt arises as to whether some faint mark on the film is a stain, scratch, 
or blemish on the film or whether it really represents a defect in the 
object radiogi'aphed, then a compaiison of the two films will settle the 
question. It is sometimes advantageous for two different persons to 
be able to keep “originals” in their files. Two films are sometimes used 
in gamma-ray radiography to save time. The exposure time required 
for a given radiograph with radium may be 8 hr. with duplitized non- 
screen film, l^y using two films and viewing them doubly after develop- 
ment, the required time may be reduced to 4 or 5 hr. The use of two 
double-emulsion films increases the “fog” (density for zero exposure) 
undesirably, and it is difficult to keep two negatives exactly super- 
imposed while viewing them. 

In diff’ra(!tion work it is often essential to compare the intensities 
of the x-rays in diCferent pai-ts of the pattern. When the pattern is 
registertnl photogi-aj>hi(!ally, tliis requirement makcjs it necessary to 
avoid the use of fiuores(!ont intensifying screens. The negative having 
been developed, the next step is to compare the film density in the 
various rings, linos, oi- spots in question by means of a “microphotom- 
eter,” or “dcnsit<jm<d.<:U’.” One of these instruments is simply a device 
for focusing a fine l)<;am of light of constant intensity perpendicularly 
upon the spot on the film where the density is to be determined; it must 
include a means of measuring the intensity of the beam transmitted 
through the film. This measurement may be indicated by a moving 
needle or light l>eam; or in instruments of the recording type a graph is 
automatically drawn showing film transparency as a function of distance 
along the film in a chosen direction. The transparency, which is the 
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quantity measured by such an instrument, is the ratio of the intensity 
of the transmitted beam to that of the incident beam. The reciprocal of 
this is the opacity, and the logarithm of the opacity is the density. 
When this is less than 2, it is a good indication of the x-ray intensity, as 
may be seen from the straight-line relationship in Fig. 9-5. The use 
of microphotometers will be discussed in greater detail in Sec. 19-5. 
Instruments of this type may be constructed fairly simply by rebuilding 
a microscope, for example as described by Spiegel- Adolf and Peckham;^ 
or they may be purchased from manufacturers of scientific apj^aratus. 

Cassettes are of various types. In medical work and in some types 
of industrial radiography, a rigid aluminum cassette is used, which 
includes the desired intensifying screens and lead backing. For example, 
in radiographing a casting it may be desirable to have the x-rays first 
pass through the casting, then a piece of lead foil to filter out scattered 
rays and secondaries, then a fluorescent intensifying screen, then the 
film and a rear fluorescent screen, backed by lead to protect the film 
from the rear. The lid at the rear is provided with spring fasteners, 
which ensure that the intensifying screens will be pressed firmly and 
uniformly against the film. 

For nonscreen work, cheap cardboard film holders made by Eastman 
are quite satisfactory. They are provided with lead backing and may 
be bent to some extent to fit the contour of the object being ra,di()g)*a{)hed. 

Flexible cardboard cassettes for industrial use arc; nuinufacitured by 
Saint John X-ray Service, Inc., Long Island City, N.Y. '^Phey ])ermit 
some mechanical flexibility and the use of sco-oens, either nuores<’:ent or 
metal, 2 at the same time. Fluorescent screens made for us<> where they 
are to be bent ai'e sold by Eastman. 

In diffraction work, the chief requirements of the cassettes are that 
it protect the film from light, keep it flat against its (usually cylindrical 
or plane) back plate, and permit the x-rays to strike the film without 
first passing through any more material than is necessary f.o kee]) oiit 
the light, except when a filter is used. The use of special fibers in 
diffraction work (such as zirconium for molybdenum radia.f.ion) will bo 
discussed in Sec. 18-2. In cassettes for diffracition work, a rigid metal 
plate, flat or cylindrical as desired, serves to back the film and ])rotect 
it from stray radiation from the rear and to hold the film in tlu^ desired 
shape and position. A frame around the (slge of the film ]n-essing 
against its front surface serves to hold it flat against th<‘ back plate. 
The surface of the film to be exposed to the x-rays is voverod wif h a sheet 
of thin black paper or Bakelitc having a uniform text ure. Paper may 

‘ M. Spiegel- Adolf and R. H. Peekham, Ind. Eng. Chem., Anal. Ed., 12, 1S2 
(1940). 

“For details, see .T. Delisa, Steal, 116, 110 (Apr. 30, 1945). 
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be in the form of an envelope completely enclosing the film; if so, the 
flaps must be behind the film so that its front surface is covered by only 
one layer of paper. 

3. The Ionization Chamber. The construction of an ionization 
chamber for measuring x-ray intensity has already been outlined in 
Chap. 3 in connection with its use in an x-ray spectrometer. The 
modern tendency is to use Geiger counters in such work because of their 
greater sensitivity. Ionization chambers are widely used for measuring 
x-ray intensity in therapeutic work, and for this reason they will be 
discussed primarily from the viewpoint of the medical worker. 

In therapeutic work, where the object is to apply an x-ray dose 
sufficient to destroy diseased -ftssue but not enough to destroy the sur- 
rounding healthy tissue, it is obvious that some standard method of 
measuring the dose must be devised. The essential quantity to be 
measured is the quantity of x-ray energy absorbed by the patient or 
some particular region of his body during a treatment, and this quantity 
is proportional to both the x-ray intensity and the time during which it 
is maintained, like the '‘exposure” of a photographic film. 

The ionization produced in a gas by x-rays passing through it is the 
best physical or chemical effect yet found upon which to base the measure- 
ment of x-ray dosage. Bince the effective atomic number of air is of the 
same order as that of soft animal tissues, air has been selected as the 
standard gas for the ionization (ffiamber in medi(;al work. Heavy gases 
like methyl iodide give greater sensitivity and are used in x-ray spectros- 
copy for this reason. 

KisP lias investigated the energy dissipation of cathode rays passing 
through air and lias found that the energy whi(;h siuih high-speed electrons 


lose each time they form an ion pair (that is, an ion and the electron 
wrenched from it in forming it) is about 32 electron volts regardless of 
whether the high-speed electron has an initial energy of 10 electron kilo- 
volts or (■)() electron kilovolts. For examtile, he found that an electron 
having an initial energy of 9.4 electron kilovolts formed 294 ion pairs 
lieforo it stopped, so that on the average it lost 32 ele<‘.tron volts each 
time it formed such a pair; on the otlier hand, an cilectroii having an initial 
energy of 57.6 electron kilovolts forim^d 1,801) ion pairs before it stopped, 
so that its average energy loss ])er jiair formed was also 32 electron volts. ^ 
The x-rays absorlied in a gas dissipate their energy by producing both 
Gompton recoil elect, rons and pliotoehHd.rons. In either case, these high- 
energy electrons in turn dissipate their energy by forming ion pairs, losing 
33 electron volts for each pair. It follows that the number of ions formed 


1 A. Oisl, Ann. PhyaiJe, 3, 277 (1<)2<)). 

Morn nwniit work ])y Tj. H. (Jniy, Proc. Roy. Soc. (London) A, 166, 578 (1936), 
indicates a value of 33 nlnctrou volts per ion pair. 
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per milligram of gas per second is an accurate measure of the x-ray energy 
absorbed per milligram per second. 

Since these ions can be collected and the ion current measured, as out- 
lined in Chap. 3, such a measurement of the ionization per gram of air 
in an ionization chamber filled with air is a good indication of the x-ray 
energy, or “dose,” absorbed per gram of animal tissue per second if both 
the tissue and the chamber are subject to the same x-ray intensity for the 
same time. 

The Fifth International Congress of Radiology in 1937 adopted the 
following official definition of the unit dose: “The roentgen^ shall be 
that quantity of x- or gamma radiation such that the associated corpus- 
cular emission per 0.001293 gram of air produces, in air, ions carrying 
1 e.s.u. of quantity of electricity of either sign.” This is a slight modifi- 
cation of the earlier official definition adopted in 1928. 0.001293 gram 

is the mass of 1 cm.* of dry air at 0®C. and 76 cm. of mercury pressure. 
The roentgen is also called an “r. unit,” and a dose of 100 roentgens is 
commonly written 100 r. The roentgen is a measure of cpiantity of 
radiation absorbed rather than a time rate, and the dosage rate in 
roentgens per minute or per second is therefore the quantity that is 
related to x-ray intensity. 

To gain some idea of the size of this unit, it may be stated that a tube 
with a tungsten target, operating at 100 kv. and 10 ma., will generate 
x-rays giving a dosage rate of about 25 r./min. at a distam^e of 1 yd. from 
the target. At 1 million volts and 3 ma. the figure is roughly H)0 r./min. 
The dosage rate 1 meter away from 1 g. of radi\im in equilibrium with its 
disintegration products is about yV r./min. As stated in Cfiiap. 3, the 
absolute unit of x-ray intensity, as for the intensity of any other type of 
radiation, is energy per unit area per unit time, or ergs/(‘m.*/s(H‘. The 
next thing to be considered, then, is the relation l)etween the roentgen per 
second and the erg/cm.Vsec. 

An x-ray beam passes through 1 cm.* of air in an ionization chamber. 
A little of the beam is absorbed, the energy being ti’ansfei-rcsl to a few 
high-energy photoelectrons. A little more of it un(lergo(\s C^)mpton 
scattering, producing a few recoil electrons of high energy. The rest of 
the x-ray beam passes on through. Each photoelee.tron and (^at^h recoil 
electron in turn tears through the air, dissipating its (uicM-gy hy wrench- 
ing electrons loose from several hundred atoms, producing ion pairs, each 
one of which subtracts 33 electron volts of energy from the; high-energy 
photoelectron or recoil electron. Each ion pair thus formed consists of a 
positive ion and an electron. The electrons are all collected hy the posi- 
tive electrode and the positive ions by the negative electrode of the 
chamber. 

^ Anglicized spelling of the German name Rdntgen. 
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The total x-ray energy absorbed in the cubic centimeter of air then 
equals 33 electron volts multiplied by the number of electrons collected at 
the positive electrode (or positive ions at the negative electrode) . After 
enough electrons have been collected to equal one electrostatic unit of 
charge, the cubic centimeter of air has had an x-ray ‘'dose” of 1 r. If e 
represents the charge of one electron, measured in e.s.u., then the number 
of electrons collected from the cubic centimeter of air during its 1-r- 
dose is 1/e, and each one represents 33 electron volts of x-ray energy 
absorbed or scattered. Therefore the x-ray energy absorbed by the 
cubic centimeter of air during its 1-r. dose is 33/e electron volts. Now 1 
electron volt = e/300 ergs. Therefore 33/e electron volts equals 0.11 
erg, which is the energy absorbed by the 0.001293 g. (1 cm.^) of air during 
its 1-r. dose, or 85 ergs would be absorbed by 1 g. of air during a 1-r. dose. 
If D' is the dosage rate in roentgens per second, the energy is absorbed by 
1 g. of air at a rate 85D' ergs/sec. 

The absorption of x-rays of ordinary wave length by a cubic centi- 
meter of air is so slight that equation (5-1) may be applied, rather than 
(5-7). If I is the intensity of the x-ray beam in ergs/ cm. Vsec. [loin equa- 
tion (5-1)] and ^la is the mass absorption coefficient of air, then the energy 
absorbed per gram of air per sec- 
ond is Mo/. Therefore, 1 
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D' = -s\ixj r./sec. (9-5) 
or D = B-VMa/; r. (9-6) 

where D is the dose in roentgens 
and E is the corresponding x-ray 
energy flux in ergs per scjuare cen- 
f.i meter during the period of irradi- 
ation. 

These equations show that 
dosage in roentgens per second is 
])roportional to the prodiuit of th(* 
x-i“ay intensity and the mass ab- 
sorption coefficient of aii‘, Ma- 
Since Mo is much greater for x-rays 
having a wave length of 1 A. than it is for 0.1-A. rays, for example, a 
much greater x-ray intensity is retiuired t,o give a 5(X)-r. dos(' at 0.1 A. 
than at 1 A. This relation is rei>res(Mited' gra])hic.ally in Fig. 9-8. At 
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A in A. 

9-iS. — liehition hotwooii x-ruy in- 
tensity aiui riito at various wave 

{(Ururteay of W. V, Mayneord, 
N€iturcf*' and Macmillan Company, Ltd.) 


1 A., 1 r./sec. corresponds to only 27 ergs/cm.^/sec., but at 0.1 A. it corre- 
sponds to over 3,000 ergs/cm.‘‘‘/sec. 

So much for the definition of the unit dose. Next, how is it to be 


i From W. V. Mayneord, Nature, 146, ‘)73 (1940); Hr it. J. Radiol., 13, 236 (1940), 
17, 359 (1944). 
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measured? In order to measure it accurately in such a way that the 
results obtained by different workers using different equipment will agree, 
various precautions are necessary. First, the secondary electrons must 
be fully utilized. This means that the voltage between the chamber 
electrodes must be high enough so that all the ions are collected before 
they recombine and the chamber must be large enough so that the high- 
speed electrons run their full course and stop before they strike any part 
of the chamber. The first point can be checked by observing whether 
or not a small (say 10 per cent) change in the voltage applied to the cham- 
ber electrodes produces an appreciable change in the ion current. For 
example, if the voltage is increased from 150 to 166 volts and the ion 
current changes from 3.000 X 10“® to 3.001 X 10~® amp., then the ion 
current is properly '^saturated.” If, on the other hand, the ion current 
should change from 3.000 X lO"® to 3.020 X lO"'** amp., this would 
indicate that a c<3nsiderably higher voltage should be used in order to 
obtain saturation. The required voltage increases with the distance 
between plates and the air pressure in the chamber. A good minimum 
figure for general practice, with air, is 100 volts/cm. of olectrt)de separa- 
tion at 1 atm. pressure. For very hard rays like gamma i-ays from 
radium, it is necessary to use an electrode separation of 30 or 40 (on. and 
an air pressure of 10 atm., and under these conditions 25,000 volts or more 
must be applied between the electrodes for work witli a '‘staiuiard” 
chamber. 

In medical practice, standard chambei's are emj)loy(‘d (4ii(vfiy t.o cali- 
brate small portable “air-wall” chambers, which ar(^ iis<mI to measure the 
dose in the actual treatment. 

The second precaution to be observed in measuring t,lu‘ dose recpiires 
that the wall effect of the chamber must he avoided, ddus means that 
the chamber and the space between its electrodes must lx-; large (uiough so 
that the photoelectrons and recoil electrons from the chamlKu* window 
where the rays enter will all be absorliod before they rea(d» i,he region of 
the chamber from which the ions are being colle<4.(^(l for measununent. 
Throughout this region, that is, the primary beam must be in a sl.ate of 
electronic equilibrium if accurate measurements are d(\sir<3(l. This mcjins 
that the recoil electrons and photoeh^ctrons whi(4i escape from th<‘ region 
must be exactly compensated by electrons which (uit<*r it from l.lu^ sur- 
rounding space. This is true only when the region is sun-ound(‘d l>y an 
envelope (preferably of air) having a thickness in all di noetic )ns at. Ic^ast 
equal to the maximum range of the secamdary olecd rons in t h<)s<‘ dir(‘ct.ions. 

Figure 9-9 shows the general arrangement and dinumsions of the 
standard ionization chamber used by Taylor and Singm-' t.o m(‘asur(‘ th(‘ 

^L. S. Taylor and G. Singer, Bur. Standards J. licsearrh, 24, 247 (1940), 16, 
165 (1936), 6, 507 (1930). 
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ionization produced by gamma rays from radium. Their results indi- 
cated a dosage rate of 8.16 r./hr./mg. of radium at 1 cm. distance. 

An ionization chamber to be practical for use in medical work must be 
small, light, and portable. Small metal chambers are impractical because 
of the wall effect, already mentioned. It has been found, however, that 
small closed chambers about the size of a thimble, with walls of organic 
material, such as Bakelite or Lucite, having a density of about 1 g./cm.® 
and an effective atomic number approximately equal to that for air (about 
7.2), will give readings proportional to those from a standard chamber 
over a range of wave lengths from tubes operating between 50 and 250 kv. 
Such a chamber is called an air-wall chamber (also a “thimble” chamber 



Fuj, 9^9. — Stanclard ioiu 2 satioii <*.hainber. Plate length, 75 cm. Plate separation, 
40 cm. Tiiiik length, S ft; climnetor, ft. Air pressure, 10 atm. Aluminum window 
I mm. thi(^k, 0 (un. diameter. Hole through load lilock S has length d == 6 in. V is 
ViK^uum-tiihe galvanometer. (Taylor and Singer; by permission of U.S. Bureau of 
Standards.) 

l)ecauso of its sizci) because its wall takes the place of the air used in a 
standard (chamber to absoi'b the photo- and recoil electrons from outside 
the measuring region. The inner surface of the chamber is coated with 
<‘,olloidal carbon (A(iuadag) to render it conducting like a metal chamber. 
For rays harder than 250 kv., the chamber walls must be thickened so 
that they are equivalent to the air needed to avoid wall effects. For 
million-volt x-rays, these organic (plastic) walls must be about 2 mm. 
thick. For gamma i‘ays from radium, they must be about 4 mm. thick. 
For soft x-rays, such as those generated below 50 kv., the thinnest practi- 
cal plastic walls absorb a signific^ant fraction of the x-rays before they ever 
penetrate to the interior. This causes the chamber to indicate a dose 
smalle?' than that actually received. This error is further increased 
because tlu^ |)hotoelti(dir()Tis ejected from the organic walls of the chamber 
at these low photon emvrgies have very slight penetrating power. Conse- 
<|uently, the |)h()to(4(^cti“ons entering the chamber when used for x-rays 
under 50 kv. (ioine primarily from the carbon (Aquadag) lining, which 
has an atomic; number of 0 as compared with 7 for the nitrogen and 8 for 
the oxygen in the air. Tlonce, for such soft rays, these thimble chambers 
are no longer “air-wall” chambers. 
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This type of chamber, including the auxiliary electrical equipment 
necessary to obtain the dose indication in roentgens, is manufactured in 
a small, convenient, portable unit by the Victoreen Instrument Com- 
pany, Cleveland, Ohio.^ Figure 9-10 shows the essential parts of this ‘^r- 
meter. The tube containing the ionization chamber 14 and highly 
insulated condenser 13 can be removed easily from its socket, where it 
makes contact at 12 with the auxiliary electrical equipment. With the 
tube in its socket, the central electrode in the chamber 14 is charged, 



Fig. 9-10. — Victoreen r-meter. (1) Scale to read (IcHcHdion of string:. (^) Mi(‘roH(»opc. 
(3) Focus adjustment. (4) Load cano. (5) Platinum st ring. ((>) (iiuiri z loop. (7) Switch. 
(8) Amber cliargiiiff disk. (9) Lamp. (10) Batteries. (11) Lamp swit <di. (12) Contact. 
(13) Amber condenser. (14) Thimble ionization-chamlior tube. (t'o///7r,sy/ o/ Viciorr.vn 
Instrument Company 

along with the condenser 13, to which it is directly coniuM^tiMl. This is 
done by rotating a knob until the string electronu't.er, as vi(‘\ve(l through 
the eye-piece above its scale, 1, indicates zero, corresponding to a pr(‘- 
determined voltage on the condenser 13. 

The tube 13, 14 is then removed and phn^ed so that tlu' (^hainher 14 
will be exposed at the place where the dosage is to measured. If the 
dosage rate is also to be measured, the exacd. time for whi<4i it is exposed 
must be observed. The ion current througli tlu^ chaml>er is suj)))li<>d l)y 
the condenser, which is thus partly dischargcid dining tlu^ exposure. 
Afterward, the tube is reinserted in its socket, and the; r(Mhi(4.ion in (con- 
denser voltage will cause the el<M‘trometer to retail dideriuit.ly from what it 
read before. The new indi(*,ation is riuid on t/lu^ s<uil<‘, wliich is caliliratrcd 
in roentgens. The calibration is performed at th(‘ fac.t.ory against a 
* See O. Glassosr ami J. Victoreen, Radiology, 29, 341 (H>37). 
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standard ionization chamber. The instrument is supplied with tubes 
having different condenser capacities so that a suitable electrometer 
deflection may be obtained for any ordinary dose. 

The principal objection to this instrument, for ordinary work, is its 
high cost, which amounts to about $500. A cheaper model known as the 
“ Minometer ” is made for measuring the dose received by an x-ray techni- 
cian during a day’s work. For safety, this should not exceed 1 r./week or 
r./day. The detachable tube in the Minometer is provided with a clip 
like a fountain pen so that the technician may carry it in his pocket. 
With this tube, full-scale deflection of the electrometer represents 0.1 r. 
A larger one giving a full-scale reading of 0.01 r. is also available. The 
Minometer costs less than $100. 

The Victoreen Instrument Company has also recently introduced a 
new instrument that indicates the ionization current by means of a 
vacuum-tube current amplifier. This instrument indicates roentgens 
per minute rather than roentgens. It will read as low as 0.0001 r./min. 
accurately. Its cost is about $500. An instrument of this general type 
has been described by Krebs and Kersten.^ Another has been developed 
by Zucker, Stoker, and Sampson,^ and still another is sold by the Geophysi- 
(^al Instrument Company, Arlington, Va. 

For other types of portable medical dosemeters of the ionization- 
chamber type, the reader is referred to an article by Mayneord.® The 
type of ionization chamber used in x-ray spectroscopy was described 
liriefly in Chap. 3. Additional details on this type of chamber wdll be 
reserved for Set^ H)-3. 

4. The Geiger-Mueller Counter. In 1908, Rutherford and Geiger* 
built ail ingenious device for counting aljiha particles fi'om radioactive 
materials. It consisted of a small wire stretched along the axis of a metal 
tube filled with gas at a pressure less than atmospheric. A potential 
<lilTeron(!e was impressed between wire and cylinder, the wiie being posi- 
tives The potential difference was large enough so that the presence of 
even one chargetl atomic particle, like an alpha particle, would initiate a 
c.uniulative ionization jirocess^’ and the particle would reveal its presence 
by (‘ausing an elec.trii*. j^ulsci. In 1928 and 1929 Geigei and IVIullei 
im])r()ve(l the “Geigt;r counter” by devising an improved method of 
<iut;imlung it so that it could count large numbers of particles in a short 
time. 


Ml. P. Krebs suid TT. Kerston, Rev. Sri. Instruments, 13, 332 (1942). 

' M. Zuc.k(n‘, 11- Stoker, iind 1 j. H. Sniiipsini, KLer. H orki, 118, 54 (Oct- 3, 1942). 
•' W. V. Miiyiieord, ./"• Set. Tnstr'uinents, 13, 245 (1936). 

P. lluthcrford and H. Clcigcr, Rroc. Roy. Soe. {London) A, 81, 141 (1908). 

« H. (leiger and W. Mliller, Physik. Z., 29, 839 (1928), 30, 489 (1929). 
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The “ Geiger-Mueller counters’^ are usually constructed at present in 
a glass envelope and are widely used for studies of natural and artificial 
radioactivity, cosmic rays, and research in nuclear physics. Their use 
for. detecting and measuring the intensity of x-rays is also growing rapidly, 
especially in x-ray spectroscopy and diffraction work. Their enormous 
amplification makes them the most sensitive device known for detecting 
and measuring the intensity of very weak x-rays. Eisenstein and Ging- 
rich^ have compared the Geiger-Mueller counter with the secondary 
electron multiplier (to be described in the next section) and with photo- 
graphic film in respect to their relative speed in recording x-ray spectra. 
They found the Geiger-Mueller counter five to ten times as fast as the 

secondary-electron multiplier and 
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Fio. 9-11. — Geiger-Mueller counter tube and 
electrical connections. 


twenty times as fast as photog- 
raphy for this purpose. 

Figure 9-11 shows the essential 
parts of a counter tube with con- 
nections. E is the glass tube 
envelope, which contains gas (usu- 
ally an argon-oxygen or argon- 
hydrogen mixture) at a pressure 
of a few centimeters of mercury. 
C is a metal cylinder open at both 
ends. TF is a tungsten wire stretched along the axis of the cylinder. If an 
x-ray photon passing through the tube produces a photoelectron or recoil 
electron inside the cylinder, it initiates a cumulative ionization proc^ess; the 
gas then becomes conducting, and within a few microseconds an electric 
pulse of several hundred volts is produced across A B. The magnitude of 
this pulse as a function of the gas mixture used, etc., has been investigated 
by Miller.^ Some provision is necessary, then, to “ quen(*Ji ” th(^ discharge 
by momentarily removing the tube voltage so that the tu]>e will he ready 
to count the next particle. If the form and material of the ehxd rodes, the 
voltage T, and the type of gas and its pressure are correctly-' selec;ted, 
then the provision for quenching becomes simple or unruMHsssary . 1 lavey, 

Smith, and Harding'* recommend a krypton-ether mixtui-e for maximum 
sensitivity. 

Geiger-Mueller counters, inciluding various tyi)es of t,ub(^s and auxiliary 
electrical equipment, arc availal>lo in the United Stal.es from II(a-l)ach 
and Rademan, Inc., Philadelphia, Pa. Their '‘GLB-2()” tul)e for x-rays 


^ A. Eisenstein and N. S. Gingrich, Rev. Set. Instruments, 12, 582 (1941). 

* C. W. Miller, Rev. Set. Instruments, 14, 68 (1943). 

® In this connection, sec H. M. Sullivan, Reo. Sci. Instruments, 11, 356 (1940). 

W. P. Pavey, E. H. Smith, and S. W. Harding, Rev. Sci. Instrurne-nts, 16, 37 
(1944). 
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contains 94 per cent argon and 6 per cent oxygen at 9 cm. of mercury 
pressure. The cylinder C is of copper, 3 cm. in length and 1 cm. in 
diameter. The wire W is 3-mil tungsten. The left end of the glass 
envelope in Fig. 9-11 is provided with a glass window only 0.0005 in. thick 
so that soft x-rays may enter. 

The counter circuit shown in Fig. 9-11 is usually connected to a 
vacuum-tube amplifier ; this amplifies the pulses so that they will operate 
a mechanical counter, which registers them. If the x-rays are so weak that 
only three or four or less recoil electrons or photoelectrons are produced in 
the counter tube per second, then the mechanical counter counts them 
directly. If the x-rays become more intense, however, the Geiger-Mueller 
tube counts the pulses much faster than the mechanical counter can 
respond to them. In this case, it is necessary to introduce an electric 
scaling circuit. A '' scale of 32 ” circuit is one that must receive 32 pulses 
from the Geiger-Mueller counter before it imparts one to the mechanical 
counter. Thus the Geiger-Mueller counter may be averaging 96 pulses/ 
sec., and the mechanical counter will register 3 pulses/sec. The scaling 
circuit may be adjustable so that, by merely turning a knob, one can make 
it work at 1, 2, 4, 8, 16, or 32 to 1 as desired, for a wide range of intensities. 

For additional details regarding the theory and operation of Geiger- 
Mueller counters, the reader is I'eforred to articles by Ijocher and Le 
Galley, Woisz, Montgomery and Montgomery, and Bi'own, Fllliott, and 
Evans. ^ 

6. The Secondary-electron Multiplier. The secondary-electron 
multiplier is a vacuum tube containing a series of electrodes (usually 10 
or 12). It is designed to make use of the fact that when an electron 
having a kinetic energy of about 100 electron volts or more strikes a 
metal surface its impact knocks several electrons (called “secondary 
electrons’') loose from the metal at the point of impact. If it is assumed 
that such a bombarding electron produces, say, 10 secondary electrons 
upon impact, on the average, it is easy to see that a few repetitions of 
the process will produce enormous amplification. 

The electrodes are connected so that each one is about 200 or 300 
volts positive with respect to the previous one, the twelfth thus being 
some 2,200 or 3,300 volts positive with respect to the first. Then if an 
x-ray photon ejects an elecitron photoelectrically from the first electrode, 
it strikes the second and releases 10 secondaries, which strike the third, 
releasing 100, which strike the fourth, releasing 1,000, etc., until finally 
the twelfth electrode gathers in about lO^'^ electrons. Therefore even a 

^ G. L. Locher and D. P. IjO Galley, Phys. Rev., 46, 1047 (1034); Rev. Sci. Instru- 
ments, 6, 270 (1035). P. Woisz, Elcctronies, 14, 18 (Doc.cinher 1041), C. G. Mont- 
gomery and D. D. Montgoinory, J. Franklin Inst., 231, 447 (1041). S. C. Brown, 
L. G. Elliott, and R. D. Evans, Rev. Sci. Instruments, 13, 147 (1942). 
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weak beam of x-rays incident on the first electrode will produce a current 
to the last one that is large enough to operate a vacuum-tube amplifieiy 
and if the output of the amplifier is read by a meter its indication is a 
measure of the x-ray intensity. 

A secondary-electron tube for this purpose has been constructed by 
Allen/ who used 12 nickel electrodes, each coated thinly (to increase the 
secondary yield) by evaporating beryllium onto its surface. The potential 
difference between successive electrodes was 300 volts, and the first one 
upon which the x-rays were directed had a thin sheet of tantalum spot- 
welded to it that served as the photoelectric surfacie. The beryllium is? 
an efficient emitter of secondary electrons, after it has been ‘^sensitized.” 
This is done by applying a high voltage of high frequency from a small 
Tesla coil to the high-potential end of the tube for an hour after it has 
been highly evacuated and sealed off. A thin window was provided in 
the tube to admit the x-rays so that they could strike the tantalum. 

As already mentioned, experiments by Eisenstein and Gingrich‘S indi- 
cate that a Geiger-Mueller counter is more sensitive than the electron 
multiplier for measiu'ing the intensity of weak x-rays. For additional 
details regarding the theory and construction of clcctron-mulitplier tubes, 
the reader is referred to papers by Zworykin, Morton, and Malter and 
Pierce.® 

6. Other Methods. Although a photocell is very insensitive to 
x-rays, it does respond well enough to use for measuring fairly liigh x-ray 
intensities. Mackenzie‘S states that a Weston Photronic (barrier-layer 
type) cell gives a current of 1 microamp. when exposed to an x-ray beam 
giving a dosage rate of 300 r./min., so that a galvanometer with a sensi- 
tivity of 10“® or 10~^ amp. /mm. will read ordinary therapeutic, intcmsi- 
ties satisfactorily. Macikesnzie states tliat foi- voltag(\s betwc^eri 40 and 1 20 
kv. and for intensities from 20 to 300 r./min. the readings obtained with 
the photocell agree with readings from an ionization chamlxvr. Of course, 
the photocell must be covei'cd with black papei' or some oth<‘r s<vrcen that 
will admit the x-rays but ex(4ude the light. b(4iarf and \\'einl)n.um^‘ found 
that copper oxide cells are stal)Ie in measuring x-ray intensities l)ut that 
selenium cells of this tyjje fa,tigue undei- x-rays. 

In the early days of x-ray therapy, clieini(^al methods w(‘r(^ ra.th(‘r 
widely used for measuring dosage. ()ik‘ of (,h(‘ most. i)oi)ula,r types of 
chemical dosemeter consisted of a barium i)lat.inocyanide disk about, g cm. 

OJ. S. Alton, Rev. Sri. InfitniviviUa, 12, 4S-4 

A. lOisonst.oiii und N. H. ( liiif>;ri<4i. Rev. Sri. I n.'ttrmnrnf.'i, 12, 582 (It)-ll). 

“ V. K. Zworykin, ( }. A. Morton, jiiid 1 j . Malt.or, J^ror. I .R.R., 24, 351 ( Il)3()): 
J. li. Piorco, Laha. lirrord, 16, 305 (1038). 

K. Ma,<^k(nizie, Nalun., 142, 11 G (1038). 

K. Sclnirf luid O. Wcinbjiuin, JZ. Phusik, 80 , 4G5 (1033). 
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in diameter, called a " pastille.” Initially a bright green color, it changes 
first to a pale yellow and finally to a deep orange color as the dose increases. 
The pastille was placed at a specified distance from the target, and by 
comparing its color with a standard color chart the dose could be esti- 
mated. Other chemical methods used depended upon the liberation of 
iodine from a 2 per cent solution of iodoform in chloroform, the precipita- 
tion of calomel from a mixture of mercuric chloride and ammonium oxa- 
late solutions, etc. For more details on the history of x-ray dosemeters, 
the reader is referred to an article by Glasser. ’ 

QUESTIONS AND PROBLEMS 

1 . Distinguish between a fluoroscopic screen and a fluorescent intensifying screen. 
Between a fluorescent intensifying screen and a metallic intensifying screen. Explain 
the action of the last two. What is the active material in most fluorescent intensify- 
ing screens? 

2. Distinguish between no-screen, or nonscreen, film and ordinary x-ray film. 
Which is more commonly used in medical diagnostic work? Why? In what type 
of industrial radiographic work is the ordinary type of film required? 

3. What is an H and D curve? Distinguish between hard and soft film. Fast 
and slow film. Should a coarse- or a fine-grained film be used if it is desired to reveal 
very small flaws? Does fine grain tend to make a film hard or soft? Fast or slow? 
What are the principal differences between optical photographic film and x-ray film? 

4. If an irregular-shaped casting is to be radiogrjiphed in such a way that flaws 
in the thick parts and in the thin parts can l>oth ho secui in a single radiograph, should 
a hard or soft film bo used? Should hard or soft x-rays ho used? 

6. What is meant by the statement that the density of a H})ot on a })hotographic 
film is 2? How is film density measured? If tin; (ixposuro time were retluced 50 
per cent, would this density of 2 ho roiluccd to about 1, in the case of nonscreen film 
and x-rays, used without screens? In the case of opti(‘.al lilm and light? In the case 
of x-ray film used with screens? In diffraction work, why are screens ordinarily not 
used? If they are used, what typo is well suited for this work? 

6. What is a roentgen? Why does its definition call for the use of air in the cham- 
ber? In measuring dosage, what is meant by the statement that the secondary 
electrons must be fully iitilized? What is the wall effect, and why and how is it to 
bo avoided? What is an air-wall chamner? 

7. TIk^ mass absorption cooflic.icnt of a.ir for the x-ra,ys used in a certain thera- 
peutic treatment is 0.15. If 200 r. was the dose administered, how many ergs of 
x-ray energy actually flowed into (^a.c.h s(Miare ctuitimeter of the skin of tlu^ patient ? 

A uk. 113,333 ergs. 

8. How docs the work of Eisl ami ( Iray justify tlu' us<^ of the roentgen as a unit 
for measuring dosage in x-ray and radium ther;i,py? 

9. What is the most sensitives devicie known for <l(d.(^(d,ing x-rays in a short time? 
Descrihe briefly how it is construc.UMl and how it. opciratos. 

^ O. Glasser, Radiology, 37, 221 (1941). 
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1. Protection from High Voltage. Most modern factory-built x-ray 
equipment is of shockproof construction, that is, all parts of the high- 
voltage circuit are enclosed within grounded metal cabinets, tanks, cables, 
shields, and guards. Such equipment is well named. In ordinary usage, it 
is truly shockproof. Practically the only danger of electric shock from 
such equipment is during repair or maintenance work. If the door of 
a cabinet containing high-voltage equipment is unlocked in order to inspect 
or repair some part inside, if a shockproof cable is disconnected, or if a 
shockproof tube is removed from its protecting case, it is possible for the 
person doing such work to be electrocuted if someone else turns on the 
power. In order to prevent such accidents, it is necessary to follow only 
one rule. Whenever any adjustments or repairs are to be made upon any 
part of the electrical equipment, the first move always must be for the 
person authorizing or undertaking such work to open the main switch, 
lock it open, and firmly affix a large red tag warning that men are work- 
ing on the equipment and that the switch must not be closed. When 
the work is completed or a test is to be made, the repairman himself must 
be the one to close the switch. To help enforce this rule, it is advisable 
to keep the key to the door to the high-voltage room or cabinet locked 
up inside the main switch cover so that it cannot be obtained until the 
switch is opened. 

In the case of equipment that has exposed high-voltage leads or other 
parts, other precautions are necessary. There should be conspicuous 
high-voltage warning signs. A red lamp should glow whenever the high 
voltage is on. The exposed parts may be only an x-ray tube, not of the 
shockproof type, and the leads to it. It may not be necessary for the 
operator to be in the same room with these parts while the equipment is 
operating. In this case, it is helpful to include a door switcli in the prim- 
ary circuit so that the opening of the door to this room shuts off the power. 
A person should not be left unattended around high-voltage equi])ment 
until he has had time to familiarize himself with it, even though he may 
not operate it. If the equipment includes a Snook rectifier, he will soon 
become familiar with the noise it makes when the high voltage is on. If 
the equipment operates silently, it may he advisable to introduce one 
sharp projection on the exposed high-voltage conductor so that it will 
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make an audible corona hiss when the high voltage is on. The techni- 
cians will soon learn the sound of this hiss and know that it is a warning of 
sudden death. 

2. Human Tolerance to X-rays and Gamma Rays. If a person works 
day after day near an x-ray tube or a quantity of radium, his whole body 
will of course be exposed to x-rays or gamma rays of dangerous intensity 
unless the x-ray or gamma-ray source is adequately shielded. In such a 
case of exposure, the person will sooner or later experience a loss of vital- 
ity and frequent headaches. If the exposure continues, the probable 
consequences in progression are sterility, lowered blood count, anemia, 
leukemia, and death. X-ray or gamma-ray injury is insidious in that its 
symptoms and effects usually appear days, weeks, or even months after 
the injury occurred. 

An x-ray worker may be adequately protected against general expo- 
sure and yet subject his hands or some other body part to a dangerous 
exposure while working with a fluoroscope or while handling radium, for 
example. In the case of the hands, this first causes a reddening of the 
skin, called “erythema,” somewhat as in the case of sunburn. Next, 
there is an embrittlement and cracking of the fingernails, and the skin 
becomes thick and leathery. Such x-ray burns are painful, especially 
if exposed to heat or cold, and cuts and scratches near the burn heal poorly 
or not at all. In severe cases, warty growths appear, which may become 
ulcerated and infected and may eventually degenerate into cancer. 
These local burns are also insidious, for they develop days, weeks, oi 
months after the injury actually occurred. 

Some of the early x-ray workers suffered from x-ray burns and general 
exposure to x-rays because the danger of such injury was not realizec 
until too late. These pioneers were true martyrs of science. Today 
however, such injury is inexcusable; it indicates only ignorance or care- 
lessness, or both. The danger is fully understood, and the means o: 
protection and tests of its effectiveness are well known. Of course, i' 
may be necessary to suV)ject a cancer patient to x-ray or gamma-ra^ 
injury in order to save his life, but aside from these cases nobody nee< 
suffer such injuries. 

It has been determined as a result of careful study of a large number o 
(iases that an x-ray or gamma-ray exposure of about 1 r./week can b 
tolerated indefinitely by the human body without any ill effects. Refei 
ence to Bell’s H and D curve for x-rays (Fig. 9-()) shows that a single 
emulsion x-ray film (which is less sensitive than the usual double-emulsio 
x-ray film) will have a density greater than 1 uj^on development after a 
exposure of 1 r. (in reading the horizontal scale, remember that log 1=0] 
This suggests a simple test for general bodily exposure to x-rays. Th 
x-ray technician may take a fresh dental-type x-ray film (not a compara 
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tively slow film like Agfa Superay B or Eastman Industrial Type M) 
and dental holder, tape a paper clip to the front side of it, then place it in 
his pocket with the clip side away from his body. After carrying it thus 
during working hours for 1 week or 10 days, the film is developed and 
fixed. If there is no visible darkening of the film and no trace of an image 
of the paper clip, the general body exposure to x-rays is definitely safe, 
although it might be true that the exposure of the hands during some 
particular operation was dangerous. If there is only a slight darkening 
of the film and a faint image of the paper clip, the x-ray exposure is some- 
where near the safe borderline. If the film is quite dark, a dangerous 
condition is indicated. Of course, if there is serious doubt as to the 
adequacy of the protection, one should not carry film for a week before 
finding out. In such a case, the film should be developed after a half hour 
or an hour of work; if it shows no darkening, then a second film can be 
carried for a day. If this shows no darkening, then a third film can be 
carried for the week or 10-day test. 

If a small portable ionization chamber or dosemeter (such as the 
Minometer described in Chap. 9) is available, it is a simple matter to 
check the exposure of an individual by having him carry the 0.1-r. cham- 
ber in his pocket for half a working day. His exposure should not 
exceed 0.1 r. in this time. If a 0.01-r. chamber is available, readings may 
be taken with it at various locations around the x-ray equipment while 
it is operating. The chamber may be laid at the test location for 5 min. 
and then read. If the reading is 0.003 r., then a person working steadily 
at this location is receiving 10~^ r./sec., which is the maximum considered 
safe. 

The revised recommendations of the International X-ray and Radium 
Protection Commission^ (U)ntain the following: 

The evidence at present ava.ilable appears to suggest that under satisfactory 
working conditions, a person in normal liealth can tolerate exposure to x-rays 
or radium gamma rays to an extent of about 0.2 international I’oentgen (r) per 
day, or 1 r. per week. On the basis of continuous irradiation during a working day 
of seven hours, this figure corresponds to a tolerance dosage rate of 10“'* r. per 
second. 


In addition to the reference just given, the interested reader may con- 
sult the U.S. National Bureau of Standards Handbook 20 (X-ray Pr()t,(H*- 
tion) and N.B.S. Handbook 23 (Radium Protection).^ The Am(M'i(*an 
Standards Association is now printing a standard “Safety (^)dc for th(‘ 
Industrial Use of X-rays.” 

There is some disagreement about the 10~'' r./see. figure. Some; 


' liddfologn, 30, 51 I (11138). l-ltM'.oiit.ly the tciuloticy lias been to sol the toleniiKMt 
limit at 0.1 r. per day; sec, for example, Ind. Radiography, 4, 3f> (fall, 1945). 

Obtaiiialile from the Superintendent of Documents, Doveminent Printing 
Office, Washington, D.O. Handbook 23 is reprinted in Radiology, 31, 481 (1938). 
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geneticists argue that the normal mutations occurring in the chromosomes 
of animals and plants may be caused by the cosmic rays, for it is known 
that x-rays produce abnormal mutations in both plants and animals. If 
this be true, they argue that an x-ray exposure of 10”® r./sec., being 10^ 
times the cosmic-ray exposure, which is only some 10”® r./sec., will cause 
genetic defects in the second generation. The international figure of 
10”® r./sec. is based only on the effect on the individual exposed, and not 
upon possible genetic effects in his children. These geneticists suggest 
10”® r./sec. as a limit. 

The foregoing discussion has been concerned with long-continued 
exposure of the whole body to weak x-rays; let us next discuss brief 
exposures of a part of the body to intense x-rays. Medical workers some- 
times speak of a “threshold erythemal dose” or a “threshold skin dose.” 
This is defined as the amount of radiation that will produce a visible skin 
reaction (reddening) in 80 per cent of the patients receiving the exposure 
within 4 weeks after the treatment and no reaction in the remaining 20 
per cent. The number of roentgens in an erythemal dose increases 
with the hardness of the x-rays. Duffy, Arneson, and Voke^ concluded 
that this unit is equivalent to 525 r. over a local area at one sitting or to 
two doses of 400 r. each administered 24 hr. apart. This value has been 
verified by Quimby and MacComb,^ who add that the doses should be 
delivered at a rate of 40 to 00 r./min. In their experiments, the tube 
operated at 200 kv.p., a mm. copper filter was used, the target-skin dis- 
tance was 50 cm, and the irradiatc<l area was 10 X 10 cm. 

Thus there is a wide discrepancy between the dose considered harm- 
less when administered rapidly and only once to a small area of the body 
for a short time and one administered slowly but constantly to the whole 
body — 500 r. in 10 min. in one case, and 1 r. in a week in the other. The 
body recovers fairly rapidly from a localized f,hreshold erythemal dose. 
A person not working with x-rays or radium could probably have his right 
hand subjected to such a dose (Jiice a year for a lifetime without ill effects, 
but if this were attempted eatffi week, or even each month, the results 
might be very serious. In the treatment of caiuier, a dose of 300 r. daily 
for 20 days, administered to an area of the botly 15 cm. square, is con- 
sidered “heavy irradiation.” If some portion of the intestinal tract or 
the parotid gland is inedudod in the treated ai-ea, sucli heavy doses usually 


cause the patient to suffer 


‘ ‘ ii“radiati()n sickness ” 


witli nausea and vomit- 


ing unless certain precautions are taken to ])rovcnt it.® 


3. X-ray Protection. The preceding section sets forth the require- 


ments that must be met in ])roviding adequate^ protection of workers 


^ J. J. DulTy, A. N. Aniosoii, aiul Ij. Vt)ko, Hadiology, 23, 486 (1934). 

K. H. Quiiuljy and W. S. MacCV)irib, Radiology, 29, SOrj (1937). 

■’ So(^, for (‘xnmplo, Ct li. Martin and W. H. Mour.sund, Radiology, 30, 277 (1938). 
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against x-rays and gamma rays. This section should suggest how ade- 
quate protection may be achieved. 

In radiographing a tooth, a small dental diagnostic tube should be 
used. Being a small low-voltage tube, this is usually enclosed in a shock- 
proof rayproof shield at the factory, and only a narrow beam of compara- 
tively soft rays emerges for a second or two during an exposure. A dentist 
making a dozen such exposures a day need only stand behind the tube and 
keep his hands out of the beam to be safe. 

In radiographing the chest, a larger, more powerful tube is required. 
It is placed farther from the patient, and the exposure is usually longer. 
Such tubes are often enclosed in a shield, which may be designed to reduce 
the radiation to 10~® r./sec. in directions other than that of the useful 
beam, although the mere presence of a shockproof case is no guarantee of 
its being rayproof in the above sense. Even with a rayproof case, there 
will be plenty of scattered and secondary rays from objects struck by the 
primary beam. Therefore a person who spends his day making 50 or 
100 chest pictures must protect himself by standing behind a lead shield at 
least 1 mm. thick or lead glass^ of the equivalent thickness. One typical 
sample of lead glass ^ in. thick is equivalent to 1^ mm. of lead in absorb- 
ing 100-kv. x-rays. There may be a few cases where the patient must be 
held with the hands during an exposure. In such cases, lead rubber 
gloves and apron are necessary, but they should not be depended upon for 
protection except on rare occasions. Such gloves and apron should have 
a protective value of at least mm. of lead, both back and front, includ- 
ing fingers and wrist. If the tube is of the nonenclosed type, it should be 
operated in the usual lead-glass bowl, and the operator should stand in a 
lead-lined booth during exposures. The control stand should be in this 
booth. At least a 1-mm. aluminum filter should be used at the tube tc) 
cut out the very soft rays, which in any case are too soft to reach tlie 
photographic film. 

Medical fluoroscopic equipment may consist of the x-ray tube su])- 
ported in a lead-lined container and a fluoroscopic screen mounted in a 
frame and covered with a lead-glass plate. This is supported so as to 
be movable in all directions in its own plane. A thin wood or Bakelite 
partition between the tube and the patient serves to steady the patient. 
Between this and the tube, lead shutters may be provided. The lead 
glass should be thick enough to be equivalent to the lead thickness listed 
for the voltage used in Table 10-1. Lead rubber gloves and apron should 
be worn by the operator. A 1-mm. aluminum filter should Ire used at 
the tube. The fluoroscopic exposures should be as brief as practical and 
intermittent rather than steady. In setting bone fractures and removing 

1 For information regarding the absorption of x-rays by such glaisses, sco Cl. SingcM- 
Radiology j 27, 44 (1936). 
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foreign objects under the fluoroscope, the protection of the hands by 
lead rubber gloves is essential, and the exposure should be kept as short 
as possible. 

In therapeutic work where very soft rays are used to treat skin condi- 
tions hke eczema or warts, the same sort of protection as that already 
outhned for diagnostic radiography is ample. This type of work is called 
“superficial therapy.” 

In deep therapy with high-voltage x-rays, the x-ray tube or tubes 
should be located in a treatment room having concrete walls of sufficient 
thickness for protection of those outside. In place of concrete, a lining of 
sheet lead of sufficient thickness may be used. Nobody but the patient 
should be in the treatment room while the equipment is operating; the 
patient may be observed through a thick lead-glass window, and a tele- 
phone may be provided for communication. 

Table 10-1. — Recommenced Minimum Thicknesses of Protective Lead Lining 

FOR X-RAY Rooms 


Peak 

x-^ay-tub(^ 

kilovolts 

Minimum lead 
thickness, mm. 

Weight, 

ib./rt.-^ 

75 

1 

2.4 

100 

1 . 5 

3.5 

125 

2 

4.7 

150 

2.6 

5.9 

175 

3 

7.1 

200 

4 

9.5 

225 

5 

12 

250 

' 6 

14 

300 

9 

21 

350 

12 

28 

400 

15 

35 

500 

22 

52 

600 

35 

82 

1 ,000 

84* 

196 


*** Ciilculiit.iHl by <»xtTiipoliit,ion from lowor voltages. 


Fixed installations for industrial radiography ai'e similar to deep 
therapy installations, so far as protection is concerned. With these, tin 
tube should be located in a load-lined room or a room with thick concrete 
walls, and nobody should be in the room while the equipment is operating 
The control panel should be outside this room, of course. Lead-glas 
windows may be provided, if desired. In order to be equivalent t< 
the walls, such glass may consist of several sheets, with a total thicknes 
of 1 in. or more. The doors must be kept closed during operation, an< 
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the doors must be as opaque to the rays as the walls are. Leakage 
through cracks must be prevented. 

The thickness of the lead lining in these rayproof rooms depends upon 
the voltages used on the tube inside. The International Commission on 
X-ray and Radium Protection recommends^ the thicknesses listed in 
Table 10-1. This table is based upon the assumption that the average 
dosage rate of the x-rays striking the inner walls of the x-ray room is 
3-r./min., or 0.05 r./sec. Under these conditions, the lead thicknesses 
recommended will reduce the dosage so that the rays penetrating the lead 
will be reduced to a dosage rate of 10~* r./sec., the maximum considered 
safe for continuous exposure of the whole body. 


Table 10-2. — Cost op Protective Lead Lining for X-ray Rooms 


Peak x-ray-tube 
kilovolts 

Cost per square 
ft, lead only 

Cost installed 

Covered with 
lath and plaster 


$0.35 

$0.85 

$1.20 


0.95 

1.45 

1.80 


2. 10 

2.70 

3.05 


3.50 

4.10 

4.50 


5.20 

6.00 

6.50 



9.00 

9.50 


Table 10-3. — Comparative Data on Lead and Concrete Barriers for X-ray 

Protection 


Kv.p. 

Recom- 

mended 

Equivalen t 
concrete, 
in. 

Thickness 

concrete 

Mass 

concretcf 

Cost of concrete 
per sq. ft. 


lead, mm. 

Density = 
2.4 g./e.rn.'' 

thickness 

load 

mass i(^a<l 

Wall 

Floor 

100 

1.5 

4l 

80 

16.5 

$0 . 63 

$0 . 38 

200 

4 

8h 

55 

11 .8 

0.72 

0.47 

300 

9 


26.7 

5.6 

0.77 

0 . 52 

400 

15 

lO-l 

17.3 

3.5 

0 . 79 

0 . 54 

1,000 

84* 

30* 

9.1* 

1 .9* 

2.00* 

1 .50* 


^ These figures are based on Prob. 9; they are not necessurily i t^coinnionded by Taylor. 


Taylor^ has estimated the cost of the lead plus fastening it to furring 
on a terra-cotta wall, as listed in Table 10-2. It is seen that at the higher 
voltages the cost of lining even a small room with lead becomes high. For 
example, a cubical room 10 by 10 by 10 ft. containing a 000-kv. x-ray 
tube would require $4,800 worth of lead, to say nothing of installing it. 
The same room would require only about $600 worth of lead for a 200-kv. 

^ Radiology^ 30, 511 (1938). 

® L. S. Taylor, J, Applied Phys,, 10, 598 (1939). 
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installation. The result is that for equipment from about 400 kv. up, 
concrete walls are usually installed for protection, rather than lead. 
Data on concrete construction are given in Table 10-3. Concerns now 
exist ^ that specialize in the manufacture and installation of lead partitions 
and other devices for x-ray or gamma-ray protection. 

In a typical million-volt installation for industrial radiography, a 
special building was constructed*-^ 30 by 45 ft. and 25 ft. high. The con- 
crete walls are 18 in. thick up to a height of 14 ft,, the top portion being 
12 in. thick. Building and equipment together cost about $100,000. 
The million-volt tube is provided with some lateral shielding; and since 
it is some 15 ft. from the walls, the average dosage rate at the inside sur- 
face of the wall is doubtless less than the 3 r./min. figure upon which 
Table 10-3 is based. Eighteen inches of concrete is probably sufficient 
for the installation mentioned. 

In the case of mobile equipment for industrial radiography, where the 
equipment is mounted on a rubber-tired chassis and moved to the work, it 
is usual to locate the control panel in a lead-lined booth, also on the 
chassis, in which the operator stands while the tube is turned on. A 
heavy metal cone limits the primary rays chiefly to the neighborhood of 
the work, and others who may be working in the vicinity should keep a 
good distance away (say 100 ft. or more) and tluis let the inverse-square 
law protect them from secondai-ies and scattered rays. 

With x-ray diffraction e<iuipmcnt, the voltages used rarely exceed 50 
kv.; hence the tube itself can be made rayproof, or it cam be enclosed in 
a small lead chamber having a few small ports. The diffraction cameras 
are platted immediately in fi-ont of those ports and are provided with 
collars, which intercept the scattered and secondary rays. If only two 
cameras are being used with a tube shield having four ports, for example, 
the two unused ports should be covered with lead at least 1 mm. thick. 

The rays issuing from one of those ports when uncovered may be used 
for microradiography. Although they are soft rays, they are quite 
intense, and it is important to keep hands, arms, etc., out of the beam. 
The eciuipment shoidd be placMHl behind a lead l)arrier when used in this 
way, or, at any rate, some ])ositive provision should be made to screen it 
effectively from pei-sons in tlK^ vicinity. 

In industrial fluoroscopy of oranges, candy, corn flakes, etc., it h 
imperative that the x-ray dosage be kept down to the 10'“'’ r./sec. level 
at every point in the vicinity; for th(> operatoi's of such equipment sit 
right against it for several hoiu's evcu-y day, and it operates continuously. 
No dependence should be plac^ed on gloves or aprons. Careful checks at 

1 For oxjunphi, liar-lhiy Products, Inc.., Brooklyn, N.Y. Also, lUiy Prooi 
Corporation, New York, N.Y. 

* Automotive Ind., Dec. 15, 1942, p. 4G. 
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all the points likely to be reached by x-rays, especially around the oper- 
ator’s position and at places where he may put his hands, should be 
checked with an accurate x-ray dosemeter while the tube is on before 
the equipment is placed in service. No dosage rate above 10~® r./sec. 
should be tolerated anywhere around the equipment. To keep down the 
thickness of the lead glass through which the fluoroscopic screen is viewed, 
in order to obtain better vision, the screen may be viewed by reflection 
in a mirror so that the primary rays will not strike the glass. The oranges, 
candy, etc., should be brought up and carried away by a conveyer, and 
the defective ones should be rejected mechanically when the operatoi- 
pushes a lever or a button. 

Kenotrons or high-voltage rectifier tubes often radiate some x-rays. 
A check should be made by placing dental films at several places in their 
vicinity and developing them after a week of service. If the films are 
darkened, an increase in the filament heating current or voltage (not 
exceeding the rated maxima) may eliminate the rays. If not, a lead 
screen 1 mm. thick should be installed, as described on page 121. 

The test with dental film carried in the pocket for a week is one that 
all x-ray workers should make occasionally for their own safety. An 
undue drop in a worker’s blood count should bar him from further x-ray 
work for several months at least. 

4. Protection from Ozone and Oxides of Nitrogen. There is usually 
some corona discharge around most high-voltage equipment. TChis 
generates some ozone and some oxides of nitrogen. In addition to tins, 
the x-rays themselves generate small quantities of these gases from the 
air, as may be readily understood from their ionizing action. 

Ozone in considerable concentration is toxic, as are also some of tlui 
oxides of nitrogen. There is a difference of opinion regarding the amount 
that is harmful. Some say that concentrations of 20 parts of ozone per 
million parts of air breathed for 2 hr. may be fatal. Others say that 50 
parts of ozone per million parts of air may be breathed for^ hr. without 
any ill effects. At any rate, 1 part of ozone in a million parts of air is 
readily noticed by its characteristic odor, and there is thus no danger of 
breathing these gases in injurious quantities without being aware of it.. 

Ventilation should be provided that will keep the concentration of 
these gases down to the point where the air is pleasant to breathe, but a 
slight odor of ozone is no cause for alarm. 

6. Gamma-ray Protection. The gamma rays from radium are com- 
monly used in therapeutic work, much as x-rays are used. Likewise^, 
gamma rays are very useful in certain types of industrial radiography. 
Workers in either of these fields must be careful to protect thcmseU’css 
and others from the gamma rays, just as with x-rays. 

The problem of protection from radium, radon, and gamma rays (^an 
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be fully understood only when the details of the preparation and use of 
radium, radon, and radium capsules are kept in mind. These details have 
been given in Chap. 8. It will be assumed here that the radium is to be 
obtained and used only in sealed capsules, which are never to be opened, 
crushed, stepped on, handled with pliers, etc. Such treatment is likely 
to cause a radon leak, and, as stated in Chap. 8, a few parts of radon in 
1 quintillion parts of air is dangerous to breathe. The great majority 
of workei's never have occasion to open a radium capsule. 

The gamma-ray emission from a radium capsule which has reached 
radon equilibrium is such that at a point 1 cm. away the dosage rate is 
8.16 r./hr./mg. of radium (or millicurie of radon). ^ Hence, at a distance 
of 1 meter from a capsule containing 100 mg. of radium (in equilibrium), 
the dosage rate is 2.27 X 10“® r./sec., or about 3 times the maximum safe 
continuous body exposure rate of 10~® r./sec. specified in Sec. 2. At a 
distance of 2 meters from the capsule, the dosage rate is one-fourth of 
this, or 0.57 X 10“® r./sec. Hence one can spend 8 hr. every working 
day sitting only 6 ft. from a 100-mg. radium capsule and suffer no ill 
effects, according to the International X-ray and Radium Protection 


Ck)mmission. 

Some qualified workers who have worked for many years with large 
quantities of radium, both in and out of capsules, have set a somewhat 
lower safe continual body dosage rate than the International Commis- 
sion’s 1 r./week figure, railla,^ for example, suggested 0.6 r./month 
as a safe figure. On this basis, one should work steadily every day no 
closer than about 4 meters or about 13 ft. from an unprotected 100-mg. 
capsufi’!. At any rate, the inverse-square law affords effective protection 
from radium. One could spend a lifetime only 30 ft. or so from a gram of 
radium sealed in a capsule without any additional protection, and the 
indications are that no adverse effect on his health would be noticed. 

Most injuries from radium are of the local-burn variety. Even 1 mg. 
of radium hold in the hand will soon cause a serious burn, and if one is 
handling radium at all the quantity involved is usually many milligrams, 
"rhost^ whose work involves only the use of sealed capsules have no excuse 
for suffering radium burns. The danger is well known, and the necessary 
r)r(Hiautions to avoid injury in handling radium capsules are quite simple. 

Radium may be rented or purchased for use m industrial radiography. 
(%)nv(mient amounts for such work range from 100 to 500 mg. It is 
shipped in a radium “safe.” This is a wooden cube about 9 in. on an 
edge, in which is embedded a lead sphere about 5 in. in diameter. At 
the center of this otherwise solid sphere, there is a cavity about 1 m. in 
diameter. Borne safes arc bisected horizontally and hinged at one side so 
1 r., S. Taylor and (5. Singer, Nall. Bur. Standards J. Research, 24, 247 (1940). 

= (5. Failla, Radiology, 19, 12 (1932). 
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that when the latch is released the upper half of the safe may be laid back, 
this “lid” containing one lead hemisphere and the other hemisphere 
being in the lower half of the safe. Other safes open by withdrawing a 
massive lead plug from a hole in the top. This exposes an aluminum or 
steel container about the size of a walnut. A piece of fishing line about 
1 yd. long is attached to the top of this. When the safe is closed, the 
fishing line extends outside, where it may be reached with the safe closed. 
Inside the small container is the silver radium capsule, which contains 
the radium and radon. When the safe is closed, with the radium inside 
it, the hand cannot be brought closer to the radium than about 4 in. 
and is then shielded by 2 in. of lead. The hand is then exposed to the 
same gamma-ray intensity as it would be if held 1 ft. from the radium 
without any safe. This should make it clear that such a “safe” is rather 
a joke. For safety, do not rely on the safe; rely on the inverse-square law. 

When it is not in use, keep the radium in the safe, keep the safe closed, 
and put it where people will not ordinarily come within 15 ft. of it. To 
avoid fogging, undeveloped photographic and x-ray film must be stored 
20 ft. or more from the safe. A handy fixture to hold the radium when 
it is in use can be made by pushing the stem of a small glass funnel partly 
through the hole of a large rubber stopper, so that the latter will act as a 
base to hold the funnel upright. After the castings or other obj exits to be 
radiographed have been arranged in place and the film holdtjrs placed 
behind them, a barricade (ladder, tables, chairs, for example*) should be 
erected arpund the setup and warning signs displayed, ddicn i.he funnel 
and stopper may be placed at the point where the radium is to be locateel. 
A meter stick or yard stick provided with a l-in. hole al>out I in. from one 
end is a convenient device for handling the radium container. 

When all else is ready, approach the radium safe and tie a piece of 
string to one of the fishing lines dangling from it, so as to increase its 
length to about 4 or 5 ft. Put the loose end of the string through the 
hole in the meter stick and pull it through until it can be grasped undei- 
neath the hand that holds the stick at the opposite end, like a fishing hole. 
Then open the safe and remove the radium with the stick just as a fish 
is removed from the water with a fishing pole and line. Ckirry it, wit.li 
the stick held out horizontally, to the glass funnel. Lower tlx* radium 
into the funnel, and then move away to a minimum distance of 10 ft,, or 
more, depending upon the amount of radium used. Aft,ei- the exposure, 
the radium is returned to the safe by the fishing-pole nud.hotl, and the 
safe is closed, before anything else is done. If the safe is local, ed in a 
different room from the radiographic setup, one will expose liimself less 
by carrying the radium from the safe several hundred feet t.o t.lie glass 
funnel on a meter stick and string than if he carries the safe this distance 
with the radium in it. 
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If one spends 10 min. each working day carrying 1 g. of radium at the 
nd of a meter stick, he will receive a gamma-ray dose of about -g- r. each 
lay, or -f- r. for a 6-day week, which is within the accepted safety limit. 
)rdinarily, the operation should require 1 min. or less, rather than 10 (5 
ach way) , and the radium used is likely to be only a fraction of a gram. 
The above procedure is outlined merely as an example. Obviously, it can 
)e modified to suit the particular application at hand if the basic principles 
)f protection are observed. 

Radium precautions may be summarized thus: (1) When not actually 
jarrying or handling the radium, keep it at least 15 or 20 ft. from people, 
n its safe. (2) When handling it (in capsules), do so with a meter stick 
Dr yard stick as described above, or use long forceps. (3) When handling 
it or carrying it, make the operation as brief as possible by planning your 
movements ahead of time. 

Radium should be removed from its capsule only by persons who have 
been fully instructed in the technique by an expert in this work, who is 
familiar with the handling of radon, which is much more dangerous than 
its parent radium. ‘ Such work requires special facilities. 

The test of keeping dental film in the pocket for 10 days should be 
carried out occasionally by all radium workers as a check on the general 
bodily exposure they are receiving. Any undue di'op in the blood count 
makes it impcrat.ivc that the person cioncerned stop working with radium 
for several months, at least. 


QUESTIONS AND PROBLEMS 

1. OutliiMi th<^ U) ho ohsorvtul iti n,vf>i<HiiK olootrio Hho(^k from shoiik- 

proof x-niy o(iuipinont. Sufiiscist additional Hafoguards for (uiuipmont that is not 
shookproof. 

2. What is tli<^ inaxinuiin \v(^<^kly x-ray doso oonsidonMl Haf<i for si normal person? 
Answiir tlu^ sjimo (nu\st ion for gamma rays. What aro tho early symptoms of exces- 
sive oxposun^ to x-rays or gninma rays? 

3. Would r)0() r. administered oidy to your elbow in 10 inin. ho likely to result in 
the loss of your arm? What i.s irradiation si<!kne.ss? 

4. If one stands heliind a lead shield 8 ft. sipiaro and 1 ft. thiek, why may he still 
he dangerously iujunMl hy a 2()0-kv. x-ray machine operating in front of this shield? 

6. ShouUl x-rays from kimotrons he {ronsidoreil as a possible: danger? Which 
is more ilangtu’ous, a. litlft^ ozone or a litthi railon in the air? 

6. Why is it <la.ngerous to st.ep on a. radium capsule? Would it he dangerous 
to keep radium in a radium safe under your <le.sk? Would it he dangerous to work 
all day only 20 ft. from a 200-mg. radium capsule lying on a (,a.hle? 

7. Outline a pracdical and safe method of handling radium (containers while 
radiogrsnjhing heavy (tastings. 

8 . If on<^ is exjuiriimeing a dangerous x-ray or gamma-ray exposure, how can this 
he dct<Hd.(id !>>' a dental film and holder? Uy a Minometer or similar device? By 
blood e.ount, if the exposure is (lontinucd? 

‘ Se(‘ pp. 101 and 102. 





CHAPTER 11 

X-RAYS IN THE MEDICAL FIELD (RADIOLOGY) 


1. Introduction. X-rays were put to practical use in medical work 
almost as soon as they were discovered. Rontgen himself was the first 
to obtain a radiograph of the bones in the hand. The applications of 
x-rays and gamma rays in medical work are often regarded as the subject 
matter of a distinct science, called “radiology.” Broadly speaking, the 
word “radiology” means merely the science of x-rays and gamma rays, 
but the term is ordinarily applied to the medical aspects and uses of 
these rays. 

Radiology in this sense is usually regarded as consisting of two general 
divisions. The first of these includes the use of radiography and fluoros- 
copy to detect and study bone fractures, dental cavities, local infections, 
foreign objects in the body, such as bullets and safety pins, and diseased 
conditions such as tuberculosis and cancer, or merely to obtain helpful 
information in planning an operation or determining whether one is neces- 
sary, etc. This type of work may be called diagnostic radiology.^ The 
second division includes the use of x-rays and gamma rays to kill or arrest 
the spread of malignant or benign tumors and to cure skin diseases 
such as eczema. This division may be called therapeutic radiology 
or x-ray and radium therapy. Therapy applied to deep-seated tumors 
is called “deep therapy”; therapy applied to the skin is called “superficial 
therapy.” 

2. Diagnostic Radiology. Some of the various types of x-ray tubes 
for diagnostic work were described and illustratc^d in Chaps. 2 and 7. 
There was some discussion of diagnostic fluoroscopy in Sec,. 9-1, and pre- 
cautions to be taken to avoid injury in such work were outlined in Chap. 
10 . 

Dcmtal equipment and some of the portable and mobile equipment 
intended to be moved from room to room in a hospital usually operates 
at a maximum tube potential of around 50 to 75 kv. The larger fixed 
installations for radiography of the chest, stomach, etc., usually operate 
at potentials up to 90 kv.; for fluoroscopic, examination of the chest, 
potentials up to 110 kv. or tlnn’eahouts are sometimes used. 

During the exposure, movcunent of the part of the body being radio- 
graphed will blur the radiograph. To reduce the probability of move- 

^ See, for cxarnplo, Cl. W. Filos, “Medical Radiographic T'echnic,” Charles C. 
Thomas, Publisher, Springfield, 111., 1944. 
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ment, the exposure time in such work is kept short, so as to approximate 
a radiographic “snapshot.” In the case of radiography of the hands, 
arms, legs, and feet, the part can be rested on the cassette and weighted 
down with partly filled small sandbags laid near but not on the cassette. 
In dental work, a headrest can be used ; in other work, bands can be used 
to “immobilize” the part. In thin parts like the hands, toes, teeth, etc., 
enough radiation is available from an ordinary tube to obtain a satis- 
factory exposure in a second or two without using any intensifying 
screens. In such work, two films are sometimes used so that any faint 
or doubtful marking in the image appearing on one film may be confirmed 
(or discounted as a film blemish, abrasion, etc.) by referring to the other 
one. In radiographing thicker parts of the body, fluorescent intensifying 
screens are usually used to keep the exposure time short. 

A 4-mm. focal spot 4 ft. from the film will give just as clear and 
detailed a radiograph as a 2-mm. spot 2 ft. from the film, and at the same 
time less distortion due to divergence of the rays will be experienced. 
Since the distance is twice as great, four times as much tube current will 
be required in the former case as in the latter if the exposure time and the 
tube potential are to remain the same. However, the short-time current 
rating of a tube with a 4-mm. focal spot should be four times that of a 
tube with a 2-mm. spot; therefore, one should be able to use four times 
the current in the former case for a few seconds. The idea of using a tube 
with a large focal spot operated at heavy currents at large distances from 
the cassette cannot be carried to extremes without the equipment be<;om- 
ing bulky, awkward, and expensive. Therefore, one should compromise 
between these conflicting factors in making a selection. ''Fhe tul>e sup- 
port should be rigid; tube vibration blurs the radiograph. 

Some typical exposure data for diagnostic radiographs, a tii])e witli 
a Benson-Goetze type of focus being used, are as follows: 

For the hand, with an effective focal spot 2 mm. square, 30 in. from 
the film, 40 kv.p., 15 milliamp., 5 sec., no intensifying screens. With 
a spot 4 mm. square, 36 in., 32 kv.p., 100 ma., 3 sec., without s(n*eens. 

For the skull, anterior-posterior or posterior-anterior position, with 
spot 2 mm. square 30 in. from the film, 82 kv.p., 15 ma., 5 se<^, using 
fluorescent intensifying screens and a Bucky grid (page 21 (i). 

For the chest, posterior-anterior, with spot 4 mm. scpiare, 72 in. from 
the film, 75 kv.p., 100 ma., 0.1 sec., using fluorescent intensifying scr(‘<ms. 

Exposure time and voltage are of course considerably h^ss for a small 
child or an infant than for an adult. It should be remembercMl that the 
time will drop off exponentially as the size of the body is rcdiuuMl, accord- 
ing to Lambert’s law [equation (5-5)]. 

If higher voltages, such as 200 kv., were used for medical radiography, 
these harder x-rays would result in a “fiat” picture lacking in contrast. 
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For successful radiography, it is essential that the object which is to be 
seen absorb a reasonable fraction of the rays. For example, suppose a 
radiograph of the stomach is required. At 80 kv., perhaps 85 per cent 
of the rays passing through the body near the stomach may be absorbed 
and scattered, but 88 per cent of the rays passing through the body 
and stomach may be absorbed and scattered before emerging. This 
3 per cent difference is what determines the success or failure of the 
radiograph in revealing the desired information. If 200 kv. were used, 
] 7 erhaps only 60 per cent of the rays passing near the stomach and 
()l per cent of those passing through it would be absorbed. Hence 
the differential would be redu<*.ed to one-third its former value, and 
the radiograph would show a disappointing lack of contrast. If only 
40 kv. were used, then perhaps 99 per cent of the rays passing near 
the stomach would be absorbed as compared with perhaps 99.1 per 
cent of those passing through it. This heavy absorption would make the 
exposure time too long to be practical, although the differential (0.9 pei 
cent transmitted through, 1 per cent transmitted near the stomach) 
would be enough to yield the desired information if it were not fogged oul 
by the scattered and secondary rays from the 99 per cent that wag, 
absorbed. 


Tallies giving approximate time, voltage, tube current, and othei 
data for various parts of the Ixxly witli various techniques will be found 
in the re<*cnt liook l>y Filers b and some of the x-ray tube catalogues. 

In medical fluoroscopic work, somewhat higher voltages are common 
than in medical radiography. The fluoroscope enables the physician tc 
observe heart and lung a(*,tion, to watch the broken bones while he is set- 
ting a fracture, and to preview any radiograph he intends to take, by 
mounting the fluoroscopic screen and a cassette interchangeably in the 
same carriage, or it may help him remove a swallowed safety pin, 
etc. The patient should he exposed only for a few intervals of a few sec- 
onds ea.ch. The operator and physician should have their eyes well 
adjMitc'd to the dark beforehand. Other details have been discussed on 
pages 1 72 and 202. 

If, is (‘ioininon pi’ac.tice to protect the patient from the very soft rays 
in diagnostic (either fluoros(u)pic. or radiographic) work by using a “ filter ” 
c.ousisting of a sheet of aluminum ^ to 1 mm. thick placed near the tube 
so tluit f.he harden' ])rimary rays ])ass through it on their way from the 
targ(d- to the patient but tlui sofhu' ones are absorlxid by the filter instead 
of th(^ patient. Further prof.ection may be aCforchHl the patient by using 
a (M)n(^ or similar (Fig. 11-9) to limit the rays to the part of the 

body being radiographed. 

In all types of radiographic work, it i.s essential to place the cassette 


^ PootnoU; 1, p. 211. 
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as close to the object being radiographed as is practical. The longitudi- 
nal axis of the cassette should be perpendicular to the axis of the x-ray 
tube to take advantage of the more uniform intensity of the rays in the 
transverse plane of the tube. The central ray of the primary beam should 
strike the center of the film perpendicularly immediately after it traverses 
the object, except when such an arrangement is impractical, as it may be in 
certain cases. The cassettes used in medical work are usually made of 
aluminum so that they are rugged and rigid, yet light. The hinged back 
is heavy enough to protect the film against secondaries and scattered rays 
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Pio. 11-1. — Diagram illustrating radiographic distortion. 


from the rear. When the back is closed it is held with spring clips so as 
to exert a uniform pressure on any intensifying screens that may be used. 

In Fig. 11-1, assume a point source of x-rays at T, which is a distanc^e 
d from the film FF in contact with the object ABCD being radiographed. 
The thickness AC oi ABCD is t, and the length CD is Z. 

From the diagram it is obvious that the shadows of the points A and 
B will fall at points A' and B' on the film. The distances A'C and DB' 
may be taken as a measure of the distortion of the radiogra])h due to the 
nonparallelism of the rays. If t is" small compared to d (as it must 
be, for good radiography), then one has the approximate i-elation 
tan 6 = l/2d, and for the distortion A'C the approximate relation 


Distortion = t tan 6 — dt = 


Lt 

2d 


(ll-l) 


In Fig. 11-2, AB represents a circular spot source of x-rays of diauK'ter 
AB = s. As before, the object of thickness t that is being radiogi-aphcd 
lies on the film, and d is the distance AA' from focal spot to film. A 
particle P at the top surface of the object will then cast a shadow B' A' 



Sec. 1] 


X-RAYS IN THE MEDICAL FIELD {RADIOLOGY') 


215 


on the mm, this shadow being a spot of diameter B' A' equal to t<i> where 
<f> is the angle APB or A'PB' in radians. If d is large compared with t 
(as it must be for good radiography), then <f> is approximately equal to 
5/ d. Hence one has for the diameter of the spot B'A', which may appro- 


priately be called the “blurring,” 
the approximate relation 

Blurring = <f>t = ~ (11-2) 

The reciprocal of this, d/st, is com- 
monly called the “definition.” 

Every effort should be made to 
minimize the two quantities (11-1) 
and (11-2) if clear, undistorted 
radiographs are desired. It is 
clear that the tube-to-film distance 
d must be increased as the size of 


n 


I 



Fig. 11-2. — Diagram showing factors con- 
trolling radiographic definition. 


the radiograph, I, or the thickness of the object, t, or the diameter of the 
focal spot, s, increases, unless one is willing to sacrifice definition and tol- 
erate distortion for the sake of speed, which varies inversely as d^. This 
applies equally well to either medical or industrial radiography. 

Equation (11-1) gives the distortion in the same units in which I, t, 
and d are measured. For example, if a patient's chest is 9 in. thick and 
is radiographed on 14- by 17-in. film with the tube focal spot 4 mm. (-^ in.) 
square 72 in. from the film, the maximum distortion at the top and bottom 


It 17X9 17 

edges of the radiograph will be 72 ~ l (i' slightly over 1 in. 


Likewise, (11-2) gives the l)lurring in the same units in which s, t, and d 
are measured. In the above example, the blurring will be 


^ i X 9 _ L 
d 72 48 


or slightly over 0.02 in. Since the photographic grain size when fluores- 
(*.ent intensifying screens are used is usually about 0.02 in. in any case, 
this much blurring can be tolerated. 

In industrial radiography, the film can to some extent be protected 
from fogging by the comparatively soft secondary and scattered rays 
by enclosing the film in sheet lead and by using “blocking material.” In 
medical radiography, the primary rays are too soft to permit enclosing the 
film in lead foil except in radiography of the ribs, spinal column, etc., and 
the use of blocking materials is inconvenient, if not impractical, for 
reasons that will appear when their use in industrial i-adiography is dis- 
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cussed in the next chapter. The cassette should protect the film from 
back scatter by lead backing or other strongly absorbent backing. 

The problem of protecting the film from fogging by secondary and 
scattered rays from the body of the patient, the filter, and surrounding 
objects has been solved for certain types of work by the invention and use 
of the “Potter-Bucky grid,^’ also sometimes called a “ Potter-Bucky dia- 
phragm and sometimes merely a ‘'Bucky.’’ Since secondary rays radi- 
ate in all directions from the point of origin and scattered rays likewise 
radiate in all directions from the point where the scattering occurs, it 
follows that only a small portion will travel in the same direction as the 
original primaries. Therefore, assuming that the primaries strike the 
film perpendicularly, as they ordinarily do, most of the secondaries and 
the scattered rays will strike the film at angles ranging from 0 to 85° and 
from 95 to 180°, let us say, and comparatively few of them will strike at 
angles between 85 and 95°. It therefore occurred to G. Bucky that most 
of these unwanted rays could be intercepted by constructing a gridwork of 
lead ribbons and placing it immediately in front of the cassette. Suppose 
a 14- by 17-in. film is to be used. Then 112 lead ribbons, each -i- in. 
wide and 17 in. long could be placed in front of the cassette, each ribbon 
being stretched straight and parallel to the length of the film, the planes of 
the ribbons being perpendicular to the film, and the distance between the 
parallel ribbons being in. so that the 112 ribbons would cover the full 
14-in. width of the film. It is obvious that rays lying in or near the plane 
of the ribbons may now strike the film, but other rays will be intercepted 
by the ribbons. 

If the x-ray tube is located at a great distance from the film, the 
primary rays from it will be nearly parallel at the film and will pass 
between the ribbons, but most of the scattered and secondary rays will 
be intercepted by them. In order to keep the ribbons in place. 111 strips 
of wood or plastic (like Bakelite), each 17 by -g- by -g- in. may be inserted 
between the lead ribbons and the whole assembly glued together and 
supported in a framework. The wood, being comparatively transparent 
to the x-rays, does not interfere seriously. If the tube is to be used 25 
in. from the film, it is better to align the lead ribbons to conform to the 
radii of a 50-in. cylinder with its axis parallel to the strips, the grid itself 
being kept flat, however. With such a “focused’' grid, the primary rays 
will lie in the plane of The lead ribbons at the edges of the film as well as at 
the center, even though the rays diverge. The grid can be thus focused 
by using wood strips slightly thicker at one side than at the other. 

Obviously, such a grid lying stationary on the film will leave a series 
of 112 white lines running lengthwise of the radiograph after develop- 
ment. It occurred to H. E. Potter that this difficulty could be eliminated 
by making the grid wider than the film (say 17 by 18 in. for a 14- by 17- 



Sec. 2 ] 


X-RAYS IN. THE MEDICAL FIELD {RADIOLOGY) 


217 


in. film) and providing a slow, steady movement of the grid crosswise 
to the film during the exposure. This improvement resulted in the device 
coming into wide use in medical radiography. As actually constructed, 
the lead ribbons and wood strips are usually about -f in. wide and 18 in. 
long, the wood strips being about -g- in. thick. The motion is often pro- 
vided by a steel spring, the speed being controlled by a plunger that 
forces oil through an orifice having a size that can be adjusted. The 
motion must begin before the x-ray exposure starts and end after the 
exposure is complete, in order to avoid grid lines appearing in the radio- 
graph. If the exposure is only sec., for example, the grid usually 
moves such a short distance during this time that grid lines appear in the 
radiograph. 

The wood absorbs some of the primaries and the lead ribbons obstruct 
some of them, and this means that exposures with the grid must be two or 
three times as long as without it. Hence the grid is not ordinarily used in 
radiography of the chest, for two reasons. (1) Chest exposures must be 
short in order to minimize blurring due to heart and lung action, iV sec. or 
less being the usual exposure. This is so short that the grid motion is 
arrested and the grid lines appear. (2) The use of the grid necessitates an 
increase in the exposure time required to obtain the desired film density, 
thus increasing the blurring due to heart and lung action. Another dis- 
advantage of the grid is that it necessarily increases the distance between 
the object and the film, which is always a scndous objection. Hence for 
thin parts of tlie body such as hands, ankles, etc., where there are not 
many scattered or sec.ondary rays set up, the Bucky is rarely used. 

Nevertheless, the Bucky does eliminate 80 or 90 per cent of the fogging 
due to secondaries and scattered rays, and so is frequently used in radio- 
graphy of the spine (see Fig. 1 1-3), pelvis, sternum, ribs, kidney, urinary 
l)ladder, gall l)ladder, stomach, c*.olon, fetus, mastoid, sinus, jaw, shoulder, 
and luKid (lateral). It is occnisionally used for radiography of the head 
(anterior-posterior or posterior-a,nterior) and extremities such as the knee. 


Some parts of the body such as the intestine, bronchial tubes, gall 
l)ladder, and kidney are comparatively transparent to x-rays and ai'e 
embedded deep in surrounding body structures at least as opacpie as th(‘y 
are. In oi-der to obtain a satisfactory radiograph of siich organs, it is 
often lUK-.essai-y artificially to increase their density. In the case of tlu^ 
gastrointestinal tract, this may bo accomplished by feeding the patient 
barium sulfate. For radiography of the gall bladder, the patient may Ix^ 
fed sodium tetraiodophenolphthalein. In the case of the bi’oiuihi, an 
iodized oil such as Lipiodol may be injected. For the kidneys, sodium 
iodide solution may be introduced through a catheter. A colloidal 
susp(‘nsioti of thorium hydroxide has also been used for utenus, c.(M'vix, 
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Fig. 11-3 a .-Anterior-posterior radiograph of the spine, taken witliout tlie Potter-Bucky 
diaphragm. {After Fites; courtesy of Charles C. Thomas, l^uldishor.) 



Fig. 11-3B. ^ Anterior-posterior radiograph of the spine, taken witli Hu* Pol <«‘r-Bu<!ky 
diaphragm. {After Files; courtesy of Charles C. Thatnas, /^uhlishi-r.) 
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fistulas, and sinus tracts, and thorium dioxide for spleen, liver, arteries, 
veins, and lymphatics. These materials are called “diagnostic opaques.'’ 

In a simple radiograph of the type thus far discussed, it frequently 
happens that a lesion, tumor, foreign object, or other abnormality 
appears. Examination of the radiograph readily reveals its location,^ in 
two dimensions; for example, it may be determined that it lies between 
the third and fourth ribs, 3 in. to the right of their juncture with the 
sternum. The other dimension may be difficult or impossible to deter- 
mine from the original radiograph; that is, there may be no way of telling 



Fig. 11-4. — Stereoscope for viewing stereoscopic radiographs on film. 

whether the point in question lies 1 in. behind the skin or 3 in. unless 
additional radiographs arc secured. 

Pei'haps a radiograph taken laterally will i>rovide the answer, but in 
some cases this is unsatisfactory or impractical. In such an event, one 
may resort to stereoscopic ra(liogra|)hy. This is accomplished by taking 
two radiographs and moving the x-ray tube 3 or 4 in. (roughly the distance 
between a person’s two eyes) between the two exposures. If an exagger- 
ated effec.t is desired, the tube may be moved farther. The resulting 
radiographs are viewed in a stereoscope of the type shown in Fig. 11-4. 
(Such a stereoscopic view usually conveys a fairly accurate impression of 
the relative positions of the various details seen, in three dimensions. 
When a Bucky is used in stereosco])ic work, it is much more satisfactory 
to move the x-ray tube parallel to the lead strips between exposures, the 

^Lead oxide ointment on the skin may be helpful in certain radiographs of the 
extremities. For illustration, see Life, Jan. 24, 1944, p. 8. 
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target being kept on the axis of its cylindrical focus, rather than to 
move the tube perpendicular to the strips and thus get the target away 
from the axial position for which the grid is designed. 

As an elaboration upon the simple stereoradiograph, apparatus has 
been constructed in some medical centers for taking “planigraphs,’’ or, 
as the British call them, tomographs.^’ This is a radiograph taken 
while the tube is in motion in a direction parallel to the film ; the film may 
also be in motion in its own plane but in the direction opposite to the tube 
motion. This may be accomplished by connecting the film (and Bucky 
carriage, if used) to one end of a lever and the tube carriage to the (oppo- 
site end. The lever is provided with an intermediate pivot, the position 
of which can be adjusted along the lever, closer to the tube and farther 
from the film, or vice versa. There are numerous modifications and 
variations of this general idea, and this has given rise to a multiplicity of 
terms in this type of work. For example, there are ‘‘ stratigraphs,” 
“ planigraphs, ” ^'planeographs,” ^'tomographs,” " difi'orential radio- 
graphs,” "laminagraphs,” and “body-section radiographs,” all sup- 
posedly different, yet all so much alike that even the specialists in this 
type of work are confused by the terminology.^ 

In a radiograph of this type, points in the body of t.hc: j^aticnt that 
lie in a plane parallel to the film and containing the pivot give a clear 
sharp image on the film, but points above or below this ]>laiu^ give an 
image that is blurred by the motion and thus obliterated. licence, such 
a planigraph is a radiograph limited primarily to a par1,icular known 
plane in the body. The exploratitm of the intei-nal sf rintture of a body 
in three dimensions by analysis t)f a series of planigrtif)hs is known as 
“serioscopy.” This subject is discussed in an article by Kaufman and 
Koster.*-^ The series of planigra])lis is taken for va.rious phuies in the 
body, of course, and an analysis permits one to locjil.e! any pa.rticular 
point of interest. 

This same purpose may be ac:hi(^Ye(l in other ways, ^^u* ('xan^ple, two 


pairs of scales may be mounted in parallel planes a known dis(.a,nc(* apart 
and radiographed along with the siibjc'ct. By liu' r(da(.iv(‘ position in 
the radiograph of the scale graduations and the point of int.eresi,, (pninti- 
tative information regarding its })osition may be obtaimsl, a,s outlined 
by Hummell and Hume.“ 

There have been some elaborations ipxui proc(\ss of pl.‘uiigrai)hy, 
or tomography, in which the tube and film are subject, t.o (‘omi)l(‘x spiral 
motion, b\it their application has been limit.(xl. a.ddit.iomil (!om- 


1 See, for example, S. Moore, Radiology, 33, (>05 (1U3U), or D. Wheeler and W. 
Speneer, Radiology, 34, 409 (1940). 

“ J. Kaufman and H. Koater, Rodiology, 34, (i2() (lOtO). 

“ A. D. Hummell and O. F. Hume, Phys. Rev., 6i, 00 (1937), 
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plexity apparently is not justified by any marked superiority in the 
results. 

There is another variation of simple radiography that is frequently 
employed to obtain a permanent record of the motions of the internal 
organs such as the lungs and especially the heart. This is called “kymo- 
graphy,” and the record is a “kymograph.” The usual method of 
obtaining a kymograph is to take a radiograph of the chest, but between 
the patient and the film is placed an opaque diaphragm, for example, 
1-mm. sheet lead. This diaphragm contains a narrow sUt as long as the 
width of the film, the width of the slit usually being of the order of 1 mm. 
During the exposure, the x-ray film is moved at uniform speed perpendic- 
ular to the slit. In some cases, the film is stationary, and the slit is 
moved perpendicular to itself. In this case, one obtains a “scanograph” 
rather than a kymograph. The film speed (or slit speed) is usually such 
that the width of the slit is traversed in the time required for an ordinary 
chest radiograph, say sec. The exposure may be maintained for a 
second or two so that the motion will be some 20 or 40 slit widths. Thus 


a comparatively opaque organ like the heart will cast its shadow on the 
slit, and the length of the slit covered by the shadow will increase and 
decrease as the heart beats and as the film moves. The result is that the 
kymograph exhibits a saw-tooth outline whicdi serves as a time record 
of the heartbeat for the i^articular part of tlui heart casting its shadow 
on the slit. For a slower motion, such as the stomach movement, which 
has about a 30-sec. period, the film s])eed chosen is slower, the x-ray tube 
power is reduced, and tlie ex])OHure lasts a longer time, say 30 sec. so as 
to include a complete pulse. 

Obviously, it is advantageous to obtain such a kymographic record 
of various parts of the organ simultaneously in a single exposure, and 
therefore a standar-d multiple-slit kymographic diaphragm, or grid, has 
been adoified that is ordinarily used in such work. It is provided with 
20 or more parallel slits each 0.4 mm. wide and spaced 1.2 cm. apart. By 
choosing the film s})c<hI and exposiire time so that each slit makes a 1-cm. 
rec.ord, overla]>i)ing of the records is avoided. For a detailed discussion, 
tlie rea<ler is referred to an article l)y Scliwartzschild' and for a reproduc- 
tion of a kymograph of tlie heart to an article by Steinberg and Robb.‘^ 

Intensifying scn^eiis are used in ctertain types of medical diagnostic 
o(iuipmerit in a mannei- resembling the use of fluoroscopic screens. A 
14 _. l)y 17-in. s(ween is used as a fluoroscopic s(;recn would be used to 


examine a patient’s clicst. The blue actinic light that it emits is photo- 


graphed )>y an ordinary camera using optical 


photograpliic film having a 


size as small as 35-mm. motion-piidure film or sornetime^s as large as 4 by 5 


^ M. Schwartzsehild, RadioLogy, 33, DO (1D3D). 

“I. Steinberg and G. P. Robb, Radiology, 33, 2D3 (1939). 
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in. In the ordinary method of radiographing the chest, a 14- by 17-iii. 
x-ray film is exposed, developed, and examined for diagnosis. The chksI 
of this standard method prevents its use in routine radiography of school 
children, for example, to detect tuberculosis or other diseases in their 
early stages when treatment is most effective. To reduce the cost, one 
may use the cheaper x-ray papers (page 175) instead of film, or the 
indirect method just mentioned may be used. 

In one installation of this type used in Germany, the fluoresconf 
image is photographed with a miniature camera on 35-inin. film. After 
development, this photograph may be projected (and enlarged) at 10 to 
15 times the film size for examination and diagnosis. The fluorescent 
screen used is a “Super- Astral,” made by Schering-Kahlbaum, 30 by 40 
cm., placed 150 cm. from the focal spot of the x-ray tube. The exposure 
is made at 50 to 57 kv., 500 to 600 ma., in 0.22 sec. The miniature 
camera is placed 1 meter from the screen and photographs the image n,t 
f.1.4. One person may be radiographed each minute. According to 
Steps,^ it was planned to examine the entire German population in this 


manner. 

The heavy power requirements of this method make the (upiipment 
rather expensive. A minimum tube current of about 400 ma. is needetl. 
This technique is called “photoroentgenology,” “indiro(4, radiography,” 
“photofluorography,” or “x-ray screen image photogiuphy.” It \viih 
first developed for practical use in Europe, but such eciiiipmont is now 
offered by American manufacturers of x-ray equipment. One of tho 
earliest installations was in the German Hospital at Rio do Janeiro; tho 
design of this equipment and the experience obtained while examining 
some 700,000 persons with it are described with good illustrations in arti- 
cles by Bowers^ and de Abreu.^ Detailed recommendations regarding 
type of screens, filni, camera lens, etc. are to be found in th(\s(‘ two arti- 
c es. De Abreu estimates that 1 million persons can be examined in tlii.s 
manner for $112,000 as compared \vith $900,000 f.ir diioct, radioarapliv 
or a more recent discussion of this type of e<iuipmont, one may reftM- 
to an article by Hirsch.* A photoelectric device for timiiiK' tln^ <.xposur<- 

by Westmghouse. Millions of men have I, ad their 
mduect radiography upon tlioir induction into tlic^ 
by 5 • f * pictures obtained in most instances were 4 


^ H. Steps, Phot. Ind., 36, 1138 (1938). 

2 A. Bowers, Radiology, 33, 357 (1939). 

® M. de Abreu, Radiology, 33, 363 (1939). 

\ \ ^^^'^^logy Radium Therapy, 43, 45 (l<)40) 

^Aero Digest, 48, 112 (Jan. 1 194'^^ TT rt tmt i i ,,, 
uary, 1945). ’ ' ‘ hlectromc Ind., 4, 9(5 (Jan- 

« J. Stafford, Science News Letter, 43, 230 (Apr. 10, 1943). 
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A recent development that makes use of some of the features of plani- 
graphy, stereoscopic radiography, and indirect radiography combined is 
due to Winnek.^ In Winnek’s apparatus, the arrangement is similar to 
that used in planigraphy, except that a fluorescent screen replaces the 
cassette. As the tube moves in one direction and the screen in the other 
(Fig. 11-5), the latter is photographed with a special moving camera as 
shown. In this camera the lens and film move in such a way that the 
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fio. 11-5. -'Winiick’.s sl.oruoHooijid rudiogruphio appuriitu.s. {Courtesy of Popular Science 

Monthly,) 


image of each point, of the moving fiuore.s<;ent screen remains stationary 
on the film, but the obliiiuit.y of the rays that form the image constantly 
changes with the motion during the exposure. 

A special corrugated film is used, emb<jssed with parallel microscopic 
ridges, 200 to the iiudi. d’'lfis is a(;(;omplished by means of a special 
embossing machine, whicdi prei^ares ordinary film for use in this appa- 
ratus. The ridges are perpendic.ular to the plane of the diagram in 
Fig. 11-5. The early pai t of the exposure afi'ects one side of the ridges, 
and the late part affects the other side. After the film is developed, a 
very realistic stereosc.oj^ic eficxd. is obtained without the use of any 
stereijscope. l^y mounting the film beiiind a special measuring grid, 
viewing it at various angles in a plane perpendicular to the ridges, and 
counting the number of divisions across which some radiographic feature 

^ D. F. Winnek, Popular Science, 141 , 88 (September, 1942). 
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moves under these conditions, one may infer its depth. The stereoscopic 
realism of these corrugated-film photographs is very impressive. 

There has been some success in obtaining motion pictures of x-ray 
fluoroscopic images. Such a process may be called “indirect cinema- 
radiography,” “indirect kineradiography,” or “x-ray fluoroscopic 
cinematography.” The chief difficulty in such work is to obtain a 
fluoroscopic image sufficiently brilliant to yield an adequate exposure of 
the motion-picture film. Reynolds^ has obtained some very interesting 
radiographic motion pictures by this method. The x-i-ay tube is oper- 
ated at 110 kv. and 60 ma., and the rays are filtered through the usual 

mm. of aluminum. In order to protect the subject or patient from 
excessive x-ray exposure, the x-rays are cut off completely between 
exposures while the motion-picture film is moving up for the next frame. 
The 10- by 18-in. fluoroscopic screen is about 5 ft. from the 16-mm. 
motion-picture camera. No lead glass is used, as in conventional 
fluoroscopes. The motion-picture film in the camera and camera reels 
is protected from x-ray fogging by a lead shield 3 mm. thick. The total 
time the apparatus is operated for one patient is limited to 20 sec. to 
avoid danger of x-ray injury. Reynolds’s article shows illustrations, 
both of his apparatus and some of his indirect cinemaradiographs. It is 
stated that his apparatus is now manufactured and sold, but the manu- 
facturer is not identified. 

There has also been some success in obtaining I’adiographic motion 
pictures directly on x-ray film by moving the film intermittently, as in 
optical cinematography. Such a process may be called “direct (dnema- 
radiography,” “direct kineradiography,” or “x-ray cinematography.” 
Because of the brief time permitted for each exposure in m()ti()n-pi(d.ur(^ 
work, it is necessary to use quite intense x-rays. Suc:h equipment has 
been constructed and used by van de Maele.'^ He rex^orts that thre<^ 
different models were built, the last being the most xu’actical. Mach 
exposure or frame is 13 by 18 cm., and the entire apx:>aratus is oidy 
50 by 35 cm. In order to obtain sufficient exposure of the film in tlie 
brief time available, duplitized film pressed between fluores(rent intcuisi- 
fying screens must be used. Between exposures, the s(‘.reens must be 
separated so that the film can be moved up about 13 cm. for the ne.xt 
exposure, and then screens and film must be (iompressed again during 
the exposure. The apparatus is so constructed that the oiKU’atoi' may 
observe what he is radiographing on a fluoroscojDic sci'eon. When tlie 
equipment is operated for the usual fraction of a minute, the f)atient, is 
subjected to about one-fifth an erythemal dose (see page 201) and some 
$50 or $00 worth of x-ray film is exposed. Thus, the equipment miglit 

1 R. Reynolds, Radiology, 31, 177 (1938). 

M. van de Maele, Brit. J. Radiology, 11, 804 (1938). 
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useful as a means of advancing medical knowledge of heart action, etc., 
but it hardly could be used as a routine method of radiography. For a 
discussion of the uses of both indirect and direct cinemaradiography the 
reader may refer to an article by Barclay, Franklin, and Prichard.^ 

Reference has already been made (page 107 and Fig. 7-1) to the 
x-ray tubes developed for taking radiographs in 1 microsec. This method 
is ideal for “stopping” the motion of the heart, lungs, etc., and may yery 
well find widespread use in hospitals and medical centers in the future. 
The main factor militating against this is the necessity for a large focal 
spot (1 cm. diameter, approximately) in this type of tube. This will 
make it impossible to obtain the line definition or detail attainable by 
conventional methods (see Sec. 13-8). 

The importance of good dai‘ki’oom technique in securing good radio- 
graphs has already been emphasized in C.-hap. 9. It is also important 
to view the radiograph with a good illuminated translucent screen oi 
viewer if its possibilities are to be realized to the fullest extent. Excel- 
lent illuminators are now offered by the x-ray equipment manufacturers 
using fluorescent lamps, thus achieving high brilliance without undue 
heating of the translucent glass. For very dense negatives, a high- 
intensity viewer (page 185) is needed. If a radiographic film must b< 
viewed without an illuminator, it is best to stand in a comparativeb 
dark room and hold the film u]) to a window so that it is silhouettee 
against a portion of the sky not near tlie sun. A cartU)oard frame shouh 
be used to intercept the light, whic*.h would otherwise pass by the edge 
of the film and tend to blind the observer. 

The interpretation of medical radiographs should be entrusted t 
one who has had, not only thorough medical training, but alsotrainin 
and practice in this specialty under the guidance of a teacher who ha 
learned to read mcdicail ladiographs through long expeiience. 

3. Therapeutic Radiology, or X-ray and Radium Therapy. It did nc 
require much time, after the dis(!overy of x-rays in 1895 and the isolatio 
of radium salts in 1898 by Mine. Curie, to leai'n that both x-rays an 
gamma rays have a destructive effect on living matter. The harmfi 
effects of large dosiis of radiation upon the human body as a whole, i 
well as burns caused by loiadized heavy dosi^s, havt^ bcicn described 
Chap. 10. 

One of the problems frecpiently encounteriHl in miHlic.al work is tl 
eliminating of al)normal and harmful growths fi'oin the body. The 
range from minor growths such as warts to the ramj^ant major growt 
of cancer. There are two obvious possible procedures in eliminating j 

A. E. Barclay, K. J. Franklin, and M. M. Tj. Brichanl, lint. J. Radiology, 

227 (1940); for industrial appliiiations, soo S. Ij. Fry? Molal 1 ml., 67, 2 and 25, .lul; 
and 13, 1945. 
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abnormal growth — either to remove it surgically, or to destroy it in 
place. Surgical removal of certain types, for example uterine fibroid 
tumors, early skin cancers, etc., is quite practical and usually affords 
a permanent cure, but obviously it would be preferable to accomplish 
the cure by some more convenient and less hazardous method. 

It is only natural, then, that medical men should attempt to destroy 
such growths by x-rays or gamma rays, for these will readily penetrate 
to any part of the body, and in sufficiently large doses they will kill any 
type of living matter. The possibilities of this line of attack were there- 
fore investigated, and the encouraging fact was soon discovered that, 
in many cases, abnormal growths will succumb to a dose of x- or gamma 
radiation which can be tolerated by the surrounding healthy tissue, 
usually without fatal results and frequently without harmful results. 

This encouraged the use of x-ray and radium therapy, especially in 
the case of tumors located deep in the body in or near some vital organ, 
where surgical removal is dangerous or impractical. It was found that 
in the case of “malignant’^ tumors (growths which tend to spread to 
other parts of the body), the chances of spreading could be reduced by 
combining surgery with radiation therapy. That is, irradiation of the 
tissues surrounding the site of the tumor makes it less likely that such 
growths will recur elsewhere after the tumor is removed surgically. In 
the case of advanced and incurable cancer, the pain and suffering can 
be partly relieved by radiation therapy. 

It is obvious that the primary needs of a worker in therapeutic, 
radiology are (1) a source of radiation and (2) a means of measuring t.he 
dose. It has already been explained in Chap. 9 that in therapeutic 
work the dosage is measured by an ionization chamber containing air 
because air has approximately the same mass absorption coeffictiont as 
the soft animal tissues and also because the biological effects of .x-i-ays 
and gamma rays are caused directly by the ionization produced witliin 
the tissue by the photoelectrons, recoil electrons, and Auger (ffectrons. 
If the radiation is so hard that most of it passes on through the tissue, 
the small fraction absorbed producing only slight ionization, then the 
dosage rate is less than when an equally intense beam of softer rays is 
used. For these reasons the roentgen has been chosen as appropriate; 
for measuring dosage in therapeutic radiology. The definition of this 
unit was given and discussed in Chap. 9. 

The so-called “x-ray survival curves” offer some concept of t.hc^ 
destructive effects of these rays on living matter as the dose is varied. 
Such a curve is shown in Fig. 11-6. This type of curve is obtained by 
subjecting large numbers of Drosophila eggs to irradiation with x-rays 
(“Drosophila,” as here used, is an abbreviation of the full technical 
name of the common fruit fly. Drosophila melanogaster ) . This fly is used 
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extensively by zoologists in breeding experiments to study the mecha- 
nism of heredity and by radiologists to study the biological effects of 
x-rays and gamma rays. To outline roughly the method of plotting 
the survival curve, one may imagine that a million fertile Drosophila 
eggs are spread on a piece of paper and irradiated with x-rays. A typical 
tube potential for such a test is 120 kv., with the rays filtered through 
i mm. of copper and 1 mm. of aluminum before striking the eggs. 

A thimble chamber laid on the paper measures the dosage, there 
being no complicating back scatter because the paper is supported at its 



Dose, Roentgens 


V\G. 1 l-6.“-*X-ruy wurvival curve fur eggn of the fruit fly Drosophila mcLanogastcr. 

C, Packard^ Radiology, 27, 191 (L936), by permission.) 
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edges and the primary beam traverses several feet of empty air after i 
passes through the paper. After the dosemeter reads 1 r., 2,000 egg 
‘are removed; after it reads 2 r., 2,000 more eggs are removed, etc., unt 
after it reads 500 r. all the eggs have been i*emoved. Then all the egg 
are subjected to favorable hatching conditions. In the batch ths 
received only a 1-r. dose, just as many will hatch as if no dose whatev( 
had been given. In tlie batch that received 190 r., only half as mar 
of the eggs hatch as if no dose had been given. From data of this typ 
the curve is plotted. 

Figure 1 1-7 shows a set of Drosophila survival curves obtained I 
Henshaw and Francis for x-rays and for gamma rays. It is se( 

that the shape of the curves is the same for both typos of radiath 
and that a change in the type of radium appliciator use<l causes as mu 
change in the results as a change from x-rays to gamnra rays. In gener; 
then, two x-ray beams (oi- an x-ray beam and a gamma-ray beam) havi: 
equal dosage rates at a point within the tissue have the same biologic 
effect at that point, irrespective of the wave length, so far as can 
determined by means now available. Some organisms, like certs 
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bacteria, are very resistant to x-rays, some of them surviving doses of 
70,000 r. Irradiation totaling a few hundred roentgens is sufficient to 
render certain spermatozoa incapable of fertilizing the ovum.^ 

There is a tendency for radiologists to refer to the dosage rate, in 
roentgens per minute, as the “intensity” of a beam of x-rays or gamma 

rays. It must be remembered that this is not 
the intensity in the ordinary physical sense 
of ergs/cm.Vsec. but is only an arbitrary 
measure like a foot-candle or a decibel. If 
the tube potential, the tube distance, the 
filtration, and the subject (say a given area 
on the body of a certain patient) all remain 
the same, then the dosage rate is proportional 
to the intensity, which may be varied by 
altering the tube current. Otherwise, the 
two are not proportional. 

The problem of accurately measuring the 
dosage actually administered to a selected 
point or points within the human body is 
quite complex. For a detailed discussion, 
the reader is referred to articles by Mayneord^ 
and by Quimby.^ One method of arriving at 
an estimate of the dose administered to a 
point at a given depth in the body is to ex- 
periment with a tank of water, since watei- 
has a density and mass absorption coefficient 
nearly the same as that of the soft animal 
tissues. 

Figure 11-8, obtained by Mayneord, 
shows graphically how the dosage rak^ 
varies with the depth in the water along the axis of the beam sent 
perpendicularly into it, in the case of 200-kv. (constant-potential) x-rays 
filtered through 1.1 mm. of copper, the target being 50 cm. from the sur- 
face of the water. Mayneord states that the main features of tliese 
curves may be accounted for by use of the Klein-Nishina formulas( 5-3(5) 
and (5-37). The “percentage depth dose” is the dose at a point at tlu' 
depth indicated expressed as a percentage of the dose measured at t he axis 
of the beam on the surface. The various curves are for various (m-oss 
sections of the beam at the surface, the cross section in square (centimeters 

^ See, for example, R. Rugh, Proc. Am. Phil. Soc., 81, 447 (1930); 10. C. ArnoroHo 
and A. S. Parkes, Nature, 152, 244 (1943). 

2 W. V. Mayneord, Proc. Phys. Soc. {London), 64, 405 (1942). 

» E. H. Quimby, J. Applied Phys., 13, 678 (1942). 
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gamma-ray survival curves for 
eggs of Drosophila. I, x-i’ays. 
II, radium (cylindrical appli- 
cator). Ill, radium (spheri- 
cal applicator). {Prom 3. P. 
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Radiology, 27, 569 (1936), hy 
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being indicated in the figure. The percentage depth dose depends chiefly 
on three factors, namely the hardness of the rays (the tube potential and 
filtration), the distance from target to water surface, and the area of cross 



Depth. cm. 

Fici. 1 l-8.---UepeiKlem;e of do.suKo upon depth :ind iirea of the x-ray hoatn. {Coiirleay o. 
Prof. W. V. Maytuiord and The Phynical Society, Lotuion.,) 


section of the beam, which i.s the factor deternuriing the volume of wate 
from which scattered radiation is recei\’^e<l by a point on the axis. Th 
area of cross section is controlled by means of a ‘‘treatment cone’' of th 


type illustrated in Fig. 11-9. The collar C intercepts 
the rays that would otherwise pass outside the v.one, 
and it is usually lead-backed. The rest of the C’.one 
is usually made of steel. A square cross section is 
common, in which case the “cone” be(u)mes a hollow 
pyramid. 

Figure 1 1-10 shows th(‘ dosage adininistoretl n.t th(> 
points in any plains containing tlu' axis AH of the beam, 
as detctrmined l)y Mayiieord. d'his i)arti(*.ular graph 
was obtained with tlie taigctt 50 cm. abovn^ the water, 
the tube; operating at 200 kv. and the diaimd-er of 
the (dnuilar l)eam at the surfa(^e of the water being 10 



c.m. "^rhe rays were filtered through l.l mm. of c;oppcr t’lu. i Trtu 
and I mm. of aluminum. The figures a(U‘oss the top of 
th(‘ diagram represent distanc;es in centimeters from the beam axis, mes 
ured on the water surface. '^I’he de])th in centimeters is indicated along t 
vertical axis. The curves are (tailed “isodt^se curves” because they cc 
nect all the points in the plains where the dosage is the same. The cur 



230 


X-RAYS /.V PRACTICE 


[Chap. 11 


marked 30, for example, connects points for which the dose is 30 per 
cent of that on the beam axis at the surface, that is, for which the depth 
dose is 30 per cent. 

A 



Fig. 11-10. — Isodose curves in water. (^Courtesy of Prof . W. V. Mayneord and The Physical 

Society^ London.) 

A large number of graphs of this sort are required to represent the 
dosage at various points for various voltages, tube distances, filters, and 
beam sections. Nevertheless, to quote Mayneord, 

Hundreds of these are plotted as transparencies so that tliey may lie Laid on 
cross sectional diagrams of the body and the dose administered at any point may 
be estimated for any conditions of irradiation or arrangement of (lonverging 
beams which are proposed. Modern radiation therapy is increasingly dependent 
on such distribution diagrams. 

The case of an inclined beam complicates matters further; and when 
two noncoplanar beams are used, depth-dose estimation is a c’oinplex 
problem. 

The use of water for such dose surveys is being superseded to a certain 
extent in America by solid materials of specific gravity about 1. A popu- 
lar material is one known in the building trade by the name “ Prossd- 
wood.” By its use a phantom ” can be built up from piled sheets of thc^ 
material, of any size and shape desired, with the thimble chamber embed- 
ded at the point of interest. With such a phantom, measurements can 
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be made for any arrangement of any number of x-ray tubes at any 
voltage, beam section, and filtration desired. 

Filters are nearly always inserted between the x-ray tube and the 
patient in deep therapy. In superficial therapy, for example in. the 
treatment of warts, filters are often omitted because soft rays that will be 
absorbed by the skin and surface layers are desired. A typical treatment 
for warts which effected a complete cure in many of the cases treated,^ 
was accomplished with a total of 2.5 skin erythemal dose of unfiltered 
80-kv. radiation. Here, the erythemal dose is regarded as 400 r., instead 

of the 525 r. mentioned in Chap. 10. 

In deep therapy, filters are used to absorb most of the soft rays that 
would otherwise be absorbed mostly by the skin and surface layers of 
tissue of the patient, the idea being to transmit only the harder rays 
needed to penetrate to the point to be treated, deep in the body. The 
filter material used should have an atomic number high enough truly to 
absorb (not scatter) the softer components of the beam only. If the 
atomic number is too high, the desired hard rays are unduly weakened and 
an undesired secondary characteristic radiation of considerable intensity 
will be generated in the filter. Failla^ states that “in practice, it has been 
found that aluminum is a satisfactory filter for x-rays produced at volt- 
ages up to 100 kv.p. Copper is ordinarily used for voltages in the neigh- 
borhood of 200 kv.p.” To eliminate the copper characteristic secondary 
radiation, a sheet of aluminum is added to the filter on the side next the 
patient. The aluminum characteristic radiation is so soft that it is 
absorbed by a few inches of air. A composite filter of this sort musi 
always be used with the denser material next to the tube. In figuring 
the filtration used, one should not neglect the inherent filtration of the 
x-ray tube itself, especially if it is an oil-immersed shockproof tube witl 
thi<‘,k windows or if it is a thin target tube so placed that the x-pys rnusi 
penetrate the target to escape (for example, the General Electric million 

volt tube). , ^ r 1 

Failla says that a filter of 0.5 mm. of copper and 0.5 mm. of alummun 

is satisfiirtory for 200-kv. radiotherapy, although filters of 2 or 2.5 mra. o 
copper oi* etiuivalent composite filters are also used. He states that, ii 
radium therapy, 2 mm. of brass, 1 mm. of lead, or 0.5 mni. of gold o 
platinum is needed to stop all the primary beta rays and that it is no 
advisable to push the filtration much beyond this pthnt for this reduce 
the soft gamma-ray components effectively. The secondary beta ray 
(see page 7(1) emitted by the filter are sometimes absorbed in an organi 
(for example, Hakelite) filt er several millimeteis thi(.k. 

1 W. Cl. Popp and .1. W. Olds, Radiology, 31, 218 (1938). 

* G. Failla, “Biolop;ical Effects of Itadiation,” edited by B. M. Duggar, a] 
III, p. 104, McGraw-Hill Book Gompany, Inc., New York, 1936. 
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The filtration of x-ray beams in x-ray therapy above 200 kv. is dis- 
cussed by Hayden, Corrigan, and Cassen.^ They conclude that at these 
supervoltages (500 kv. and up) a filter adds a significantly large compo- 
nent of hard scattered radiation to the beam. The quality of the filtered 
beam depends upon the thickness of the filter, which may degrade it 
rather than improve it. They discovered that the quality of the filtered 
beam reaching the patient varies considerably with the position of the 
filter (near the tube or near the patient) and that improper choice of posi- 
tion and thickness may greatly reduce the depth dose. For the filti‘ation 
of a parallel beam, they state that lead is more efficient than a larger 
thickness of lighter material of equivalent true absorption. Dresser- 
reports the routine use of 3^ mm. of lead plus 8 mm. of copper filtration 
for million-volt therapy. 

The trend in deep therapy over a period of years has been toward 
higher and higher x-ray tube voltages, in order to increase the percentage 
depth dose. Million-volt therapy is no longer uncommon. For photo- 
graphs and description of the treatment room and high-voltage room for 
1,20P, 000-volt cancer therapy, the reader is referred to an article in 
Nature.^ At these high voltages the depth dose becomes much less 
dependent upon the area of cross section of the beam or the size of the 
portal of entry. For example, with 200-kv. rays from a tube 70 cm. from 
the surface, using a ^-mm. copper filter, the percentage depth doses at 
10 cm. with 100-, 225-, and dOO-cm.^ portals of entry are 34, 42, and 45.5 
per cent, respectively, whereas with l,000-kv. rays at the same distance, 
with 3.5 mm, of lead and 8 mm. of copper filtration, the percentage deptli 
doses at 10 cm. with these three portal areas are 49, 50.5, and 53 per cent, 
respectively, according to Dresser. Experiments with the 20-million- 
volt betatron, using a phantom, indicate that at a depth of 2-^ in. a per- 
centage depth dose considerably exceeding 100 per cent is attainable."' As 
an indication of the dosage rate administered at these high voltages. Trump 
and Cloud^ determined that it is about 45 r./min. at the skin when a tube 
70 cm. away is operated at 1,200 kv., ^ ma., using a 10- by 10-cm. field 
and a filter of 2 mm. of lead 5 mm. of copper -b 2 mm. of aluminum. 
A comparison between such supervoltage x-rays and gamma rays from 
radium was made in Chap. 8. Two-million-volt x-rays approximate tlu^ 
quality of such gamma rays more closely than 1-million-volt rays. 

Because of the small amount of radium available in the first two or 

^ H. S. Hayden, K. E. Corrigan, and B. Cassen, Radiology, 31, 312, 310 (1038). 

® R. Dresser, J. Applied Phys., 12, 331 (1941). 

3 Nature, 138, 1106 (1936). 

* A. R. Wildhagen, Sci. American, 168, 207 (May, 1943). 

3 J. G. Trump and R. W. Cloud, Am. J. Roentgenology Radium Therapy, 44, 615 
(1940). 
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three decades after its discovery, its use was limited to local applications 
in capsules containing a small fraction of a gram. As time went on, the 
amount of radium in use gradually increased, most of it being refined from 
ores obtained in the Belgian Congo. As a result of the discovery in 1930 
of pitchblende in Canada and the reduced price, some 120 g. of radium 
is now used (throughout the world) for “''radium-beam therapy, known 
in Europe as “telecurietherapy” or “Radiumfernbestrahlung.” The 
Canadian mines alone have an output of about 100 g. of radium per year. 

Since the gamma rays from radium radiate in all directions and are 
extremely hard, yet not very intense, the problem of producing an 
intense beam of gamma rays is rather difficult. To restrict the radiation 
to one direction, the radium is enclosed in a cylindrical container open 
at one end only. In order to obtain reasonable intensity for therapeutic 
work at a distance of, say, 6 in., from 2 to 10 g. of radium is required. 
To restrict the gamma rays from this much radium to a tolerable intensity 
in directions other than that of the beam, the enclosing cylinder must 
have thick, dense walls. Such a cylinder for radium-beam therapy is 
usually called a “radium bomb.” These bombs are usually made of 
lead (density 11.35 g./cm.^) and weigh 50 to 100 lb. In 1937 a tungsten- 
copper-nickel alloy having a density of about 1(>.4 g./cm.*"' was developed^ 
that permits a reduction in the weight of the bomb. 

With such a radium boml) 75 cm. from the surface of the water in a 
tank, a depth dose of 58 per cent at 10 cm. below the surface is achieved, 
a ^-mm. platinum filter l)eing used. TIowcv(U', oven with several grams 
of radium, the intensity is so low that the usual pi-a(d,ice is to use the 
radium only 5 to 10 cm. from the patient, ac(H)rding to Eve and Grim- 
mett.^ This reduces the percentage depth dose at a depth of 10 cm, in 
water to a value only about one-third that achieved by a 200-kv. x-ray 
tube at a distance of 75 cm., with a ^-mm. cop])or filter. Taking the 
figure given by Taylor and Singer (see Chap. 9, page 191: 8.10 r./hr./mg. 
of radium at 1 cm.), it may be calculat,ed that the skin dosage rate from 
1 g. of radium at a distance of 10 cm. is only 1 .30 r./min. Thus it is 
clear that the usual treatments for camber, totaling Imndreds or thousands 
of roentgens, consume miK^h time by this metliod. 

Radiologists sometimes use the c.om^ept of a “half-value layer” 
(HVIj) as an indication of the hardness of the radiation l)cing considered. 
Dresser gives KH- mm. of copper or 4 mm. of lead as the II VL of million- 
volt x-rays after filtering thrt)ugh Sy mm. of lead ])lus 8 mm. of copper. 
This means that a layer of copper 10^ mm. thi(4< placred between the 
filter and a dosemeter will rcdu(!c the dosage rate iTuruaition by 50 ptn’ 
cent. The HVL found by Mayneord for the 200-kv. c.p.d.c. x-rays 

1 C. J. Smitholls, Nature, 139, 400 (1937). 

2 A. S. Eve and Ij. G. Grimmett, Naitire, 139, 52 (1937). 
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used for Figs. 11-7 and 11-9 was 1.5 mm. of copper. The gamma rays 
from radium have an HVL of about 1^ cm. of lead. 

The local application of radium in capsules, tubes, needles, etc., in 
the treatment of cancer has been practiced since the beginning of the 
present century. This type of therapy is particularly adapted for 
intense localized radiation of a small area or region. Surface applica- 
tions of radium in small amounts are used for skin lesions. For treat- 
ment of the body cavities, radium tubes are placed within them for 
intense local irradiation. This is called “intracavitary’^ application. 
The principle of local irradiation near the center of the neoplastic area 
is carried one step further in “interstitial” irradiation. In this case, 
radium salt in metal needles or radon in small metal containers called 
“seeds” are implanted in and around the tumor-bearing region. The 
use of radon seeds reduces the chances of losing radium, permits greater 
flexibility in size and shape of applicators, and its short half life mini- 
mizes the danger in case an applicator is lodged accidentally in the 
patient’s body. 

The present trend is to combine the localized radium treatments 
with more generalized irradiation by x-ray (or sometimes radium-beam) 
therapy. Lacassagne^ summarizes the results of x-ray and radium 
therapy in cancers of the cervix at the Institute of Radium in Paris from 
1919 to 1932. These were treated by means of tubes 22 by 3.15 mm. 
incorporating a 1-mm. platinum filter and tubes 22 by 4.15 mm. incorpo- 
rating a 1.5-mm. platinum filter. The tubes contained about 22 mg. 
of radium. Three such tubes were usually placed in an applicator, which 
was inserted in the uterine cavity, making a total of about 67 mg. in 
the applicator. This application continues for 5 days (120 hr.), the 
treatment thus figuring about 8,000 mg. -hr. About 1924, the practice 
of combining this intracavitary radium therapy with x-ray therapy (and 
sometimes radium-beam therapy) was begun. Of the 79 cases treated, 
69 (74 per cent) were cured completely. Generally speaking, cancer 
can usually be cured if treatment is administered by qualified experts 
while the disease is in its early stages. 

To convey some idea of the dosage schedules commonly followed in 
x-ray therapeutic treatment for cancer, it may be stated that the total 
dose administered (as measured at the skin) usually totals several 
thousand roentgens, say 6,000 r. as a rough general figure, although values 
as low as 1,800 r. or as high as 10,000 r. are not rare. These total dosages 
are usually built up by a series of 5 to 30 treatments administered daily 
or perhaps four, five, or six times per week, in doses of around 200 to 
700 r. Coutard^ suggests the following schedules: (1) Cancer slightly 

^ A. Lacassagne, Radiology^ 33 , 20 (1939). 

2 H. Coutard, J. Applied Phys., 12, 329 (1941). 
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differentiated — ^two series of 6 days separated by 14 days without treat- 
ment; daily doses 500 to 700 r. ; doses of the series 3,000 to 3,500 r. ; total 
doses 6,000 to 7,000 r. ; duration 26 days. (2) Cancer moderately 
differentiated — three series of 3 days separated by 7 and 10 days without 
treatment; daily doses 800 r.; doses of the series 2,400 r.; total dose 
7,200 r. ; duration 26 days. (3) Cancer very differentiated — four series of 
2 days separated by 9, 11, and 11 days without treatment; daily doses 
800 to 1,000 r.; doses of the series 1,800 to 2,000 r. ; total dose 7,600 to 
8,000 r.; duration 39 days. 

The “irradiation sickness” men- 
tioned in Chap. 10 is often a problem in 
these treatments when some portion of 
the intestinal tract or parotid gland is 
irradiated. According to Martin and 
Moursund,^ this may be forestalled or 
alleviated by a high carbohydrate diet 
and administration of 2,000 international 
units of vitamin Bi daily. 

It was recently l eported by G. Failla 
that the effectiveness of x-ray therapy could be appreciably increased 
by injecting sterile water into the tumor immediately following 
irradiation. 

Cancer's are broadly classified as of two general types, carcinoma and 
sarcoma. Carcinoma is a malignant growth originating in epithelial 
tissue (skin, lining of body organs, etc.). Sarcoma is a malignant growth 
derived from nonepithelial tissue of mesodermal embryonic origin 
(muscles, bone, etc.). 

(.lancers have the same type of survival curve as in Fig. 11-6 for 
Drosophila. Figure 11-11 is a survival curve obtained by Wood‘d for 
a rat carcinoma known as FRC. Such a curve is olotained by cutting the 
tumor from the animal, cutting it in small pieces, and then irradiating 
these. At equal intervals (jf time, pieces are removed from the group 
being rayed. Finally, all the pieces are grafted on other animals. The 
percentage of grafts that “grow” depends upon the irradiation time, as 
indicated by the figure. 

Some idea of the success obtained in x-ray therapeutic treatment of 
diseases other than cancer is conveyed by a summary of the results in 
the treatment of 5,438 patients with skin diseases by '^rhoroezkay.’* 
With eczema, 34 per cent of the cases were cui’od; with neuroderinite, 
30 per cent; with dysidrosis, 32 per cent; wif.h acne vulgaris, 25 per cent. 

1 V,. I.. Martin and W. H. Moursund, Radiology^ 30, 277 (1930). 

F. CJ. Wood, Radiology, 6, 199 (1925). 

® N. V. Thoroezkay, Radiology, 26, 381 (193()). 



Fig, 11-11. — X-ray survival curve 
for FRC carcinoma in rats. (After 
Wood.) 
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Plantar warts treated by Popp and Olds^ were cured in 63 per cent of the 
cases. 

About 10 years ago, therapy by means of radioactive material, was 
given new impetus by the advent of the cyclotron (see Sec. 7-19) and 
the discovery that it could be used^ to produce artificially unstable 
radioactive isotopes of most of the elements. Among these is the isotope 
of phosphorus having a mass number of 32 (see Chap. 8). It radiates 
ordinary negative electrons (beta-rays) when it disintegrates, but no 
gamma rays. The energy of the beta particles is 1.69 million electron 
volts. Its half life is 14.3 days. 

Lawrence, Scott, Erf, and Tuttle® have found that phosphorus fed to 
hum^n beings (in the form of compounds) tends to concentrate in the 
bone marrow; when fed to mice, it also concentrates in^ the leukemic 
tissues. Because of its short radioactive half life, a radioactive phos- 
phorus (P®®") compound can be fed to a patient and will produce beta-ray 
ionization in the leukemic tissues for a few days and then gradually quit. 
Although such treatment has thus far failed to cure cases of acute lym- 
phatic leukemia, such a plan of attack may be found useful in other 
ways by further research. ® 

The advent of the cyclotron has also permitted experiments on 
cases of human cancer with neutron therapy. Eight-million-volt 
deuterons and later 16-million-volt deuterons were directed against a 
beryllium target to produce the neutrons (see page 165). Some 50 or 
more cancer patients too advanced for successful treatment with x-rays 
or other known methods were treated. Preliminary results indicate 
that neutrons are perhaps as effective as x-rays in cancer therapy, but 
no marked superiority is apparent at this date.® 

The possibilities of cathode-ray therapy now loom impressively on 
the scientific horizon. The foregoing discussion of x-ray and radium 
therapy brings out two points. (1) It is the ionization produced in tlie 
diseased tissue by the photoelectrons, recoil electrons, and Auger el(><‘- 
trons that arrests its growth, directly or indirectly. (2) The x-rays 

^ W. C. Popp and J. W. Olds, Radiology, 31, 218 (1938). 

^ J. D. Cockroft and E. T. S. Walton, Proc. Roy. Soc. {London) A, 137 , 229 (1932). 
For papers on the discovery of artificial radioactivity, see also Ird.ne Ourie and F. 
Joliot, Compt. rend., 196 , 1885 (1933), 198 , 254, 559 (1934); J. phys., 4 , 494 (1933), 
6, 153 (1934); J. D. Cockroft, C. W. Gilbert, and E. T. S. Walton, Nature, 133 , 328 
(1934). 

® J. H. Lawrence, K. G. Scott, and L. W. Tuttle, “New International C’lin'u^s,” 
pp. 3Bff, J. B. Lippincott Company, 1939. 

^ J. H. Lawrence, L. A. Erf, and L. W. Tuttle, J. Applied Phys., 12 , 333 (1941). 

® R. D. Evans and J. G. Hamilton, J. Applied Phys., 12, 260, 440 (1941); F. G. 
Spear, J. Sci. Instruments, 22, 21 (1945). 

® R. S. Stone and J. C. Larkin, J. Applied Phys., 12, 332 (1941); Radiology, 39, 
608 (1942). 
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that produce these high-energy electrons produce them not only in the 
diseased tissue, as desired, but also in the healthy tissue they encoimter 
before and after they pass through the diseased tissue, thus injuring 
healthy tissue. 

Trump, Van de Graaff, and Cloud ^ have projected the cathode rays 
from a Van de Graaff generator through a thin window into the open 
air, as described in Sec. 7-5, except that they used l-i million volts. 
They projected the cathode rays into wood, lead, copper, aluminum, and 
water and measured the “dose” at various depths. The results indi- 
cated that such rays would produce considerably heavier ionization 
below the skin than in it, owing to the fact that high-speed electrons 
produce much greater ionization near the end of their path just before 
they stop than they do in the early part of their journey when their 
energy is much greater. 

Kerst^ has generated 20-million-volt cathode rays (and x-rays) with 
his betatron and points out that such cathode rays will pass halfway 
through the human body. This should make it possible to subject a 
deep-seated tumor to intense ionization while the overlying tissue will 
experience less irradiation (rather than more, as with x-rays) than the 
tumor. In addition, the tissue beyond or undei'neath the tumor will 
not be injured, as it is with x-rays, which cannot be made to stop at the 
tumor, like the cathode rays. A 100-million- volt betatron is now in 
operation.® 

If siipervoltage (uithode rays are to be used in deep therapy, the 
x-rays generated at the window where they emerge from the betatron 
can be held to a minimum by making the wind^)w out of some light mate- 
rial like aluminum or beryllium and keeping it as thin as practical. If 
the window is regarded as an x-ray tube target, it will be seen from 
Figs. 3-7 and 3-8 that the x-rays radiated in the direction of travel of 
the cathode rays are of low intensity for very thin targets, although the 
intensity is high at angles of 20 or 30° to the electron beam. It is also 
an advantage that the x-rays radiate in all directions, while the high- 
energy cathode rays maintain a i:)arallel beam. The high x-ray gener- 
ating efiiciency of 05 per <*ent Ibat Kerst oV>tains with a tungsten target 
at 20 million volts can be reduced to 3 or 4 per cent by using a beiyllium 
window, according to Beatty's equation (2-5). The most troublesome 
factor probably would be the sotrondary el(H*.trf)ns knocked out of the 
window, but these would have a lower relative intensity at 20 million 
volts than at 200 kv., for example, and they might be kept from striking 

^ J. 0. Tnimp, It. J. Van cln ( JnvjifT and It. W. Cdoud, Am. J. Roentgenology Radiimi 
Therapy, 43 , 728 (1040). 

W. Korst, Am. J. Phys., 10, 210 (1042). 

^ Science News Letter, 43 , 200 (1043) ; Gert. Elec. Rev., 46 , 58 (1043). 
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the patient by means of a local magnetic field perpendicular to the beam. 
This would deflect the primaries only slightly but would so deflect the 
slower secondaries that they would not reach the patient. 

QUESTIONS AND PROBLEMS 

1. Distinguish between diagnostic and therapeutic radiology. Between super- 
ficial and deep therapy. Suggest a technique (focal-spot size, tube-to-film distance, 
tube voltage and current, time, type of film and screens) suitable for radiography of 
the chest. What kind of filter is ordinarily used? 

2 . Compute the maximum distortion in an 8- by 10-in. radiograph of the thigh 

if it is 6 in. thick, the tube-to-film distance being 36 in. Ans. g in. 

3. Compute the blurring in the above problem if the focal spot is 2 mm. square. 

Ans. 7^2 in. 

4. What is the purpose of the Potter-Bucky grid? How does it operate? When 
is it used? Why is it not always used ? 

6. Fluoroscopy is used chiefly for what types of medical work? Name a com- 
monly used diagnostic opaque. How does one proceed in taking stereoscopic radio- 
graphs? 

6. Distinguish between a planigraph and a kymograph. What is the chief 
£^dvantage of indirect radiography? Suggest a method of obtaining a truly instan- 
taneous radiograph of a moving object like the heart. Have x-ray motion pictures 
ever been obtained? 

7. Have x-ray and radium therapy supplanted surgery in the treatment of 
cancer? Draw a rough graph showing the general shape of the x-ray survival curve 
for Drosophila. What does the curve mean? Is the curve essentially different for 
gamma rays? Are there some microorganisms that are considerably more radio- 
resistant than Drosophila? 

8 . Define percentage depth dose. Upon what three factors does it depend? 
What are isodose curves, and for what are they u^ed? What is a phantom? Define 
skin erythemal dose. Which side of a composite filter goes next to the tube? What 
is the purpose of a treatment cone? 

9. What is telecurietherapy? In practice, does it yield a higher percentage 
depth dose than, say, 200-kv. x-ray therapy? Does the HVL as a criterion of hard- 
ness indicate much difference between x-rays and gamma rays? What is intra- 
cavitary radium therapy? Is it still generally practiced, or is it out of date? It is 
commonly supplemented by what other type of treatment? 

10. Does x-ray or radium therapy ever really cure cancer? Docs the tn^atment 
usually require a day, a week, or a month, and roughly what dosage is administered, 
in roentgens, over how large an area of the body? What other diseases besides cancer 
sometimes respond to x-ray therapy? 

11. One might expect radioactive phosphorus treatments to afford some relief 
for what type of affliction? Why does cathodc-ray therapy appear to be a promising 
field for research? 



CHAPTER 12 

INDUSTRIAL RADIOGRAPHY 


1. Developmental Radiography on a Moderate Scale. The advan- 
tages of radiography as a means of inspecting the internal structure of 
every sort of object are self-evident. Any kind of localized flaw such as 
a cavity, inclusion, or crack that has a minimum dimension of the order 
of 1 per cent of the thickness of the object can be detected, unless the 
object is inaccessible or too thick for the rays to penetrate effectively. 
The outstanding features of radiographic inspection are the facts that 
it is nondestructive, that it reveals flaws hidden deeply in the interior, 
and that its indications are permanently recorded on x-ray film for 
future reference. The chief factor restraining the almost universal 
application of radiography to all sorts of inspection processes is its high 


Radiography cannot be recommended as a universal method that 
may be profitably employed in inspecting every kind of object. It is 
l>est suited for inspecting the first units of a new product, such as the first 
castings made of a new type or the first welds made by a new method or 
by a new welding operator. It is also useful in production-line inspection 
of objec.ts where the failure of even one in a thousand would be disastious. 

The selection of the best radiographic equipment for the type of work 
that is to be undertaken must be a compromise between such factors 
as cost, capacity, flexibility, durability, and mobility.^ Let us assume 
that no routine radiography is contemplated on articles or parts in 
prodiKition, but rather that a wide variety of parts and articles are to 
V)e examined in order to find the best way of making a certain casting; 
the best method of making a particular weld ; whether a few special parts 
are safe wlum their failure would be disastrous; etc. This may be called 
-developmental radiography " in order to distinguish it from production 
radiography, where hundreds or thousands of identical objects are to be 
radiograiihed. In the former, an endless variety of material to be 
radiographed may be expec,ted. There may be parts made of metal, 
(Hiramics, plastics, rubber, or wood, weighing from a fraction of an ounce 
to a ton or more, with sections from in. to several inches; welds of 
various types, castings, forgings, and complex assemblies. The average 
volume of work may be such that one man can «ydinarily 
entire operation including all the darkroom work, with extra help neces- 
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sary only at occasional rush periods. It will be assumed that the work 
can always be brought to the x-ray shop and that it will not be necessary 
to radiograph any large object such as a railroad bridge or hydroelectric 
penstock that cannot be moved. 

For demands of this sort, probably a fixed 220- or 250-kv. x-ray 
installation in a lead-lined room, supplemented by about 200 mg. of 
radium, will be found sufficient. To be specific, Ave may assume that 
the equipment installed has a continuous rating of 10 ma. at 220 kv.p. 
and an effective or projected focal spot (see page 18) 5 mm. square. 
Presumably a suitable darkroom has been provided near by. A typical 
“fixed x-ray installation^' is illustrated in Fig. 7-28. The tube support 
should be rigid; tube vibration blurs the radiograph. 

Three t 3 rpes of film are in stock — an industrial screen film, an indus- 
trial nonscreen film of the high-speed wide-latitude ordinary-grain-size 
type, and an industrial nonscreen film of the fine-grained-size high- 
contrast (and consequently slow-speed) type, all three in two sizes, 8 by 
10 and 14 by 17 in. Cassettes in both these sizes have been provided, 
some lined Avith lead foil and some provided with a pair of fluorescent 
intensifying screens. For some kinds of work, rigid, flat metal cassettes 
of the medical type are preferable. Flexible film holders with lead 
screens or fluorescent intensifying screens are available from St. John 
X-ray Service, Inc., Long Island City, N.Y. It will be supposed that 
there are also on hand numerous cardboard film holders of both sizes 
(8 by 10 and 14 by 17), lead-backed, such as those made by Eastman 
Kodak Co., Rochester, N.Y. A sizable box full of wood blocks of 
various shapes and sizes should also be provided. These blocks, timbers, 
wedges, and shims will be found indispensable in blocking up cassettes, 
castings, and other objects of all sizes and shapes in positions suital)lo 
for radiography. 

2, Technique Charts. Everything being ready, the first job is 
brought in. A rolled-steel plate 1 by 4 by 10 in. has been clectri(uilly 
butt-welded to another along the 10-in. edge, and it is desired to know 
whether the technique used produces a weld of good quality. 

This being the first job with new equipment, the oi^erator may 
profitably consult the “technique charts," which the mamifa(h.ur(‘r 
ordinarily supplies with industrial radiographic equipment. Figures 
12-1 and 12-2 are examples of such charts. They indicaite the proiXM* 
voltage to use on the tube with a given target-to-film distancje, a given 
tube current and exposure time, and a given thickness of a certain kind 
of metal. If it is preferable to select the tube voltage and tube current , 
the chart Avill suggest the correct exposure time. Figure 12-1 is for a 
36-in. target-to-film distance, for rolled steel, and for nonscreen film 
sandwiched between lead foil, and of course it is for a certain x-ray 
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apparatus. The chart for c.p.d.c. equipment would be different from 
that for half-wave equipment, for example. Tigure 12-2 is like Fig. 12-1 
except that it is for screen film sandwiched between fluorescent intensify- 


20,000 

15.000 

10.000 


Kilovolts peak 
130 140 150 160 170 


180 190 



220 


3/4 _ I l'/4 r/2 

Thickness, inches 

Fio. 12-1.— Technique chart for 220-kv. x-ray unit for radiography of steel plate, usir 
industrial uonscreen film with 0.005 and 0.010 in. lead scroeiis, 3b »n. from tube target. 



ing screens. PTgure 12-3 is a chart similar to Fig. 12-1, plotted for 1 
General P]lo(;tric million-volt equipment. This is not intended to 
operated at reduced voltages such as 600 kv., for example, although 1 
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tube current can be varied from zero to 3 ma. Consequently, the curves 
in Fig. 12-3 are for various target-to-film distances at 1 million volts, 
rather than for various voltages at a fixed distance. 

It will be seen that these charts are a series of straight lines plotted 
on semilogarithmic graph paper, the ordinates representing milliampere- 
seconds on a logarithmic scale and the abscissas representing the thick- 



x-ray fi/m. Fi/m o/ensity l.O 

Fig. 12-3. — Technique chart for General Electric million-volt unit. {After itharlloti and 

W esteridorp.) 

ness of the steel on a linear scale. This may be understood from equation 
(5-4), which may be written in the form 

log Iq = iiix + log / (12-1) 

If t is the time of the exposure, one may add log t to both sides of the 
equation, obtaining 

log /o + log t = ixix d- log I + log t ( 1 2-2) 

or log lot = jjLix -h log It (12-3) 

Since lo is the intensity of the rays striking the steel plate and I is 
the intensity of those emerging to expose the film, it is clear that for a 
given type of film to be exposed to a given desired photographic density 
(Sec. 9-2), It will be a constant. Hence (12-3) becomes 

log lot — mx + C 


(12-4) 
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which is of the form 


y = mx + h 


(12-5) 


the equation for a straight line, when log is plotted as ordinate and x 
is plotted as abscissa. For a given tube voltage and distance, 7o is 
proportional to the tube current, and so it is seen that the logarithm of the 
milliampere-seconds plotted against the plate thickness should yield a 
straight line for a given tube voltage and distance. Since the slope of 
the curve is proportional to the linear absorption coefficient ^^z, it follows 
that the curves should become steeper and steeper as the tube voltage 
is reduced. The intercept 5 = C = log of the curves on the vertical 
axis obviously represents the milliampere-seconds that would be required 
to expose the film to the desired density with no specimen whatever 


l)resent. 

This intercept will therefore be greater for nonscreen film sandwiched 
Ixd-wccn lead foil than for screen film sandwiched between fluorescent 
intensifying screens. These conclusions explain all the characteristics 
of the typical technique charts shown in Figs. 12-1 and 12-2 and also 
a(H*,ouiit for the differences between the two. 

"Fhe charts in Figs. 12-1 and 12-2 have been plotted for a target-to- 
lilin distancre d of 36 in. Upon calculating the distortion on this basis 
for the 10 by 8 by 1 welded plate, with equation (11-1), it is found that 


n 

2(1 


10 X 1 

“■ 72'"" 


1 . 

^ in. 


appr < )xi mately , 


which is acceptable. 


The blurring 


or about 0.006 in., which only slightly 


st 1 

[(upiation (ll-2)j is ^ 

exc'ec^ds the grain size of most x-ray film, although some of the 
thu^-graiiK^d films are considerably finer than this (see page 175). 
If such a fine-grained film were to be used, the tube distance d should 
b<^ iiHM’eascd in order to realize th(5 benefit of the fine grain. 

Tlie next step is to decide upon some convenient exposure time, say 
1 min. If the eciuipmont is operatcul at its rated tube current of 10 ma., 
this will yi('ld a product of 000 ma.-sec. Referring to Fig. 12-1, one sees 
that,, for a thickness of 1 in. ;uul an “c.xposure’’ of 600 ma.-sec., about 
105 kv. should be us(mI with nonscreen technique. It the weld has been 
built, up so that a welt, or i*einforcing bead. It (Fig. 12-8) extends in. 
abov(‘ th<^ surface on l)oth faces, the weld thickness is li in. rather than 
1 in. For this thic.kness, the chart suggests 175 kv. 

It. would bc^ pcu'inissible to reduce the tubc-to-film distance below 36 
in. sinc.ci this could be done without exceeding usual tolerances for distor- 
tion and blurring; l)ut t,hei'(^ would bo no point in doing so, for the exposure 
tim(^ is already c.onveTiiently shoi-t and the voltage required is well below 
the maximum available. It would also be permissible to increase the 
tube-to-film distance from 36 to 72 in., for example, but there would be no 
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point in doing so unless extremely fine detail is demanded. Such fine 
detail could be seen only by examining the film with a magnifying glass, 
and with film of ordinary grain size the graininess makes magnification 
profitless. If such magnification is demanded, a fine-grained film should 
be used, it being remembered that such films are slower and hence require 
a longer exposure under tbo same conditions. If it should be decided to 
use a 72-in. distance, thij has the effect of reducing the milliampere-sec- 
onds from 600 to 160 because of the inverse-square law. Hence, if the 
exposure time is to remain 1 min., Fig. 12-1 indicates that 215 kv. should 
be used for the li-in. weld with film of ordinary speed. If fine-gramed 
(and hence slower) film is used, a longer exposure time will be required. 

It may be asked why Fig. 12-1 was used rather than Fig. 12-2, that 
is, why nonscreen technique rather than screen technique? In indus- 


Table 12-1 


To increase contrast 
as in radiographing 
welds in dat plate 

To increase 
latitude as in 
radiographing 
irregular 
castings 

To improve 
definition 

When maximum 
voltage available 
seems insufficient 
for thick dense 
objects 

To radiograph 
thin objects 

1. Reduce tube volt- 

age until fogging 
from scattered 

and secondary 

rays begins to ap- 
pear 

2. Use long exposure 
time — 1 min. or 

more 

3. Use Tne-grained 
film of nonscreen 

^ type 

1. Increase tube 
voltage 

2. Use short ex- 
posure time — 
a fraction of 
a minute 

3. Use fast film 

1. Increase tube-to- 
film distance 

2. Keep film holder 
snug against ob- 
ject 

3. Use fine-grained 
film 

1. Use maximum 
voltage 

2. Use fluorescent 

screens 

3. Use lead-foil fil- 
ter in front of 
screens in cas- 
sette 

4. Use copper filter 

1 mm, thick or ' 
less at tube 

5. Use blocking ma- 
terial 

6. Decrease tube- ; 

to-film distance 
without violat- 
ing requirements 
for definition 

and distortion 

1. Use voltage low 
enough so expo- 
sure time is at 
least 1 min. when 
usual tuV^e cur- 
rent and target- 
to-filni distance 
are employed 

2. Use n onscreen 

technicpie 

3. Use no filters 

4. Fine-grained film 

usually prefer- 

able 


trial radiography, a general working rule to follow may be stated 
thus: When the maximum voltage available, used with the maximum rated 
tube current for about 100 sec. at the minimum desirable tube-to-fUm distance, 
yields an underexposed radiograph on fast (ordinary grain size) nonscreen 
film sandwiched between lead-foil intensifying screens, then, and only them., 
should one resort to screen film and fluorescent intensifying screens. This 
practical working rule may be called the “screen rule” for future refer- 
ence. Like most rules, it has exceptions. It obviously does not apply 
to radiographic “snapshots” of bullets piercing barriers, etc, for such 
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equipment operates for only 1 microsec. or so at a time; screen technique is 
used in this work. Also, in production radiography where, for example, 
10,000 one-inch plates must be radiographed in one day, it may be desir- 
able to violate the rule and sacrifice some detail in the radiographs by 
using screen technique in order to reduce the exposure time from 1 min. to 
10 sec, perhaps. In gamma-ray radiography with radium, the nonscreen 
technique is preferable. 

In addition to the technique chart, the general rules tabulated in Table 
12-1 should serve as a guide in finding the proper technique. 

To summarize, then, it has been decided to use nonscreen technique, 
with a target-to-film distance of 36 in., an exposure of 1 min. at 175 kv.p., 
10 ma., as a first trial. 

3. Welds in Flat Plate, or Plate Having a Radius of Curvature Large 
Compared with the Thickness. With steel of this thickness (1 in.), 
there is considerable scattering and secondary radiation, but 0.005-in. 
lead foil serves to protect the film from this satisfactorily. A 10- by 8- 
by 1-in. steel plate weighs only about 22 lb., and so it may be laid directly 
on top of a medical-type cassette without crushing it. In order to pre- 
vent it from scuffing the aluminum face of the cassette, this may be 
covered with photographic masking tape or something similar. When 
a film exactly as long as the specimen is used, detail at the extremities is 
usually missed. Hence the use of an 8 by 10 cassette and film is inadvis- 
able. The use of a full 14 by 17 film is wasteful; it is therefore decided 
to cut a 4- by 14-in. strip from one end of such a film, and this is placed 
in one end of a lead-lined 14- by 17-in. cassette. 

Before the cassette is taken into the x-ray room for the first exposure, 
it is advisable to ‘‘tune up” the equipment, much as a violinist tunes up 
before starting a performance. This is not ordinarily necessary before 
subsequent exposures unless there is to be a radical change in the tube 
voltage and current used. In tuning up, the door to the lead-lined x-ray 
room is closed and the x-ray voltage switched on. It is determined how 
the controls must be set so that the tube operates at 175 kv.p. and 10 ma. 
It may bo found, for cxam])le, that the autotransformer control must be 
set on tap 8 and the rheostat control on tap 9 (Fig. 7-23) to accomplish 
this, '^rhen th(> x-i-ay switch A" is opened and the rheostat shifted to tap 
1 (maximum resistancicO. Tins completes the tuning up. 

The cassel.iiC is phuunl lid side down on a table in the x-ray room. This 
table should l)e sturdy, and should have its top covered with i-in. sheet 
lead to absorb scattert^d rays from beneath. The welded plate is then laid 
on the c.assette so that the W(;ld lies along the center of the 4- by 14-in. film 
inside, about 2 in. of unused film being left at each end. The jib crane 
or tube stand is then manipulated so as to bring the tul3e target 36 in. 
above the cassette in such a position that a plumb bob suspended from the 
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target would hang over the center of the weld. The axis of the x-ray 
tube should be horizontal. If the weld lies north and south, the x-ray 
tube axis should be east and west, for the ray distribution is more uniform 
in a plane bisecting the tube than in planes containing the tube axis. 
Identifying lead letters and penetrameters (see Sec. 7) are then laid on the 
steel plate near the weld so that they will register on the film. The date 
is useful information to have on a radiograph, for future reference. 

The operator then leaves the room and closes the door. The exposure 
is made by closing the x-ray switch and moving the rheostat control from 
tap 1 to tap 9. After a minute, the x-ray switch is open and the control 
returned to tap 1. The film is then developed, fixed, washed, and viewed 
with a good illuminated translucent screen viewer. If the exposure 
appears to be too heavy or too light, a second exposure can be made with 
appropriate correction in the time or voltage. 



Fig. 12-4. — Porosity in butt weld in 1-in. steel plate. 


Small air bubbles in the developer or fixer, rough handling, etc., will 
cause spots, streaks, scratches, etc. to appear on the film; in interpreting 
such films, one must be careful not to regard these as defects in the object. 
Doubt as to whether a particular mark is a film flaw or a real flaw can 
often be dispelled by viewing the film critically at a grazing angle, observ- 
ing the light that is specularly reflected from the film surface. Film 
flaws are usually obvious under these conditions, whereas real flaws are 
not. If the doubt persists, a second radiograph should be taken. Some- 
times two films are exposed as regular practice, as explained on page 185, 
so that retakes are not necessary. 

Figure 12-4 shows the radiograph obtained as just described. This 
was an open double-V butt joint, arc- welded. The radiograph indicates 
considerable porosity in certain parts of the weld. Pores or slag inclu- 
sions are indicated in the film by small black dots. The slag or voids in 
the metal are of course more transparent to the x-rays than the metal is, 
and the x-rays which pass through such pores or slag are therefore absorbed 
in lesser proportion than those which encounter steel all the way through. 
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Thus the fil m is subjected to a heavier exposure behind the defects, and 
the defects appear as dark markings on a light background. Occasionally 
film flaws or poor darkroom technique will cause markings to appear on 
the film that are lighter than the background. Such markings rarely 
represent real defects in metal. When a print is made from the nega- 
tive, this condition is reversed, of course, and flaws appear as light mark- 
ings on a dark background. 



Fia. 12-5. — Slag inclusions in ai'C weld in steel plate. 



Figure 12-5 is a radiograph of another weld of the same type as the 
first one, but having different defects. In this flgui-o, the flaws are repre- 
sented by dark spots drawn out into an elongatcxl shape, whereas the 
spots in Figure 12-4 are nearly circular. This suggests that Fig. 12-5 
represents slag incffusions, for gas bubbles or poi-es are naturally sjiherical, 
whereas slag tends to be dra.wn out into elongated inclusions as the 
welding progrt^sses. 

Figure 12-() rtipres(uits an extreme case of incomplete fusion and 
incomplete^ peuietration. By penetration, one nutans the fusion of the 
parent metal at and btuieuith the face of t.he scarf, resulting in a union 
between parent inet.al and weld metal. In Bus radiograph the weld 
rnetal appears to have failed (wem to ff(>w into the e^cmtral poi-tion BCC'B' 
(Fig. 12-8) of the weld, much less pen(ff,rate or fus(i with the parent metal. 
The entire “free distanced’ BB' (Fig. 12-8) that separated the joint sections 
initially along tlie faces BC ami B'C' appears to be practically void of 
metal. 




248 


[Chap. 12 


X-RAYS IN PRACTICE 

Figure 12-7 shows the radiograph of a weld in which the metal has 
flowed in to fill the central part of the joint but in the right half of the 
figure has failed to unite completely with the parent metal along the 
faces BC and jB'C' (Fig. 12-8). The two fine dark lines (indicated by 
arrows PP, Fig. 12-7) clearly reveal the edges B and B' of the two joint 



sections, which evidently were not “penetrated,” or melted, so that the 
weld metal could form a strong union. 

Penetration has been achieved along the central p<u*tion (faces BC 
and B'C') of the weld in the left part of Fig. 12-7, but the dark streaks 
along each edge of the weld (arrows UU) indicate that the w(d(l metal 

failed to penetrate the scarf faces AB, 
A'B' , CD, and C'D', especially near A 
and A' or D and D' or ijcrliaps all four 
places (Fig. 12-8). Siin^e the x-ra,ys pass 
through parallel to tlie fac:es BC and 
B'C', lack of penetration of these faces 
appears in the radiograi)h as a fine 
straight line; but incomplel.e pesnetration 
of the upper H(;arf fat;es near .1 , A', D, or 
D' aijpears as a ratlu'r hazy sf.r(^ak be- 
cause the rays are iiu'liiu^d to the faces. 
This condition is commonly called “undercutting” and it w<‘ak(Mis the 
weld just as seriously as when the penetration is in(u>mpl<‘t(‘ at tlu^ facies 
BC or B'C'. An undercut is commonly defined as a d(^})r(\ssi<)n melt(;d out 
of the parent metal along the edge of a weld. 

Figure 12-9 is a radiograph showing local lack of fusion of the metal 
at F and F', but otherwise the weld is very good. 

Figure 12-10 shows a combination of pi-act.ically all the common 
defects in a weld. There are incomplete fusion and ptaiet, ration, local 
undercutting, slag and porosity, and also what is known as a “crater 
crack.” A crater crack is a series of two or three line cracks radiating 



Fig. 12-8. — Cross section of butt 
weld. 
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from one spot, caused by excessive local shrinkage. In Fig. 12-10, the 
crater crack is indicated by the arrow P. 

Figure 12-11 is an example of a double crack in one weld where it 
crosses a second one. These cracks could not be seen on the surface of 
the weld at all, even after the radiograph revealed and located them so- 
that the exact place to look for them was known. 



Fig. 12-9. — Localized incomplete fusion in arc weld. 


Figure 12-12 is a radiograph of a good weld and also furnishes an 
example of one type of film flaw. The peculiar marks along the upper 
edge of the weld at the extreme right are caused by a static discharge 
set up when the film was withdrawn from the box on a dry day to be 
loaded into the cassette or perhaps when it was removed from the cassette. 
Figure 12-7 illustrates (immediately above the 1942) the type of film 



Fig. 12-10. — Showing various defects in the same arc weld. 


flaw resulting from slight kinking of the film before development. The 
x-ray technician must learn to recognize such markings and to know what 
causes them so that he can take steps to prevent them and will not 
interpret them as defects in the object examined. The light marks 
along the top edge of Fig. 12-10 were caused by cutting the film with a 
pair of scissors, each mark resulting from a scissor stroke. Small air 
bubbles in the developer or fixer cause characteristic circular spots on 
the radiograph. 

In general, scattered porosity or slag does not seriously weaken the 
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Fio 12-12 A good weld. Note dark fine linCB along npixM- edge of weld at right end. 

Thesr.. e ati. eteatrlcal di-,.har«» wl,«, 01,., - 

very low humidity. They should not be mistaken for cracks in tlu^ wehl. 
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metal. If the porosity or slag is concentrated in a particular region, 
that region is weak; or, as often occurs in welds, pores or slag will be 
found along a line, and this may result in a break along that line. Incom- 
plete fusion, incomplete penetration, and undercutting seriously weaken 
a weld unless the condition is strictly local. An isolated small crater 
crack need not be regarded as cause for rejection of a weld, in the opinion 
of the author, although the official codes (see Sec. 7) declare that any 
crack makes a weld unacceptable. Most crater cracks are barely visible 
in a good radiograph and usually consist of three or four hairlike cracks 
radiating from a point for a distance of ^ in. or less. When the welded 
plate is more than 1 in. thick, most crater cracks probably escape radio- 
graphic detection. Several crater cracks indicate poor welding tech- 
nique, and in such a case the weld should be rejected. A crack as 
extensive as the one shown in Fig. 

12-11 greatly weakens a weld, of 
course. 

It will often be found that flaws 
appearing in a radiograph are surface 
flaws which can be seen by merely 
comparing the radiograph with the 
surface of the object. In the case of 
a rough surface, it is sometimes ad- 
visable to have it ground or machined 
off smooth before taking the radio- 
graph. 

Nothing essentially new or dif- 
ferent is involved in radiographing 
fillet welds. Often it is desirable to direct the rays at a 45° angle to the 
plate surface, but each particular job should be considered carefully anc 
the best arrangement of tube and film holder decided upon in the lighi 
of what has already been said about butt welds. A sound knowledge o; 
radiographic principles will indicate the best procedure to follow. Th( 
use of an ecpializing wedge as illustrated in Fig. 12-13 is sometimei 
helpful. 

Figure 12-14 is a radiograph of a fillet weld joining two steel forgings 
The wold runs along the left edge of the rib from its toi> end to its center 
where it (jrosses over and runs along the right edge to the lower end 
Incomplete fusioir is evident in the former i^ortion, and slag inclusion 
in the latter. 

If 2-in. 7 -ather than 1-in. plate had been used in making a butt wel( 
of the type shown in Figs. 12-4 to 12-10, one might again select 600 ma. 
sec. and 36 in. as suital)le, since the distortion and blurring as calculate( 
by equations (ll-l) and (11-2) are about -f and 0.011 in., respectively 



Fig. 12-13. — Radiography of a fillet. wel<l, 



252 


X-RAYS IN PRACTICE 


[Chap. 12 


In general, one sh.ould strive to reveal flaws having an extent of 1 or 
2 per cent of the thickness of the object examined, which is 0.02 or 
0.04 in. in the present case, a figure exceeding the calculated blurring 
by a margin sufficient to make success possible if other features of the 



Fig. 12-14, — Fillet weld joining two forgings. 

technique are sufficiently favorable. Reference to Fig. 12-1 shows that 
nonscreen technique is unsuitable at the above distance, current, and 
time, even though the highest tube voltage available were used, ''rherev 
fore fluorescent intensifying screens are needed. Figure 12-2 intlicates 
that about 182 kv.p. will be required for 2 in. or 197 kv.p. for in. if 
the weld extends -g^ in. above the surface of the plate on both sides. 

With plate as thick as this, it will be found that the secondaries and 
scattered T*ays from 220-kv. (or less) primaries will fog the film near the; 
edge of the plate unless blocking material is used to prevent it. Hence 
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the procedure in radiographing the butt weld in 2-in. steel plate might 
be as follows: Adjust tube to horizontal position with focal spot 36 in. 
above the table. Retire from room, ‘‘tune up’^ for 197 kv.p. at 10 ma., 
and shut off the high voltage. Cover table top with large piece of box- 
board (the material used in making shipping cartons). Use cassette 
having 0.005-in. lead foil to act as filter, and insert double fluorescent 
intensifying screens ; then place industrial screen film between them, and 
close cassette. Lay cassette on boxboard cover. Lay steel plate on 
cassette carefully so as to avoid scuffing or other damage (on the assump- 
tion that plate is only 8 by 10 in. — if plate is 3 feet square, the procedure 
will be different, of course). Pour fine steel shot around edges of plate 
as indicated in Fig. 12-15. Lay identification markers and penetrameters 
on plate- Retire from room, and make 1-min. exposure. When markers, 
plate, and cassette are removed, the shot will lie on the boxboard. This 
may then be picked up and permitted to fold in the center, parallel to 
the corrugations of its inner layer, so as 
to form a convenient trough to convey 
the shot back to its container. 

4. Blocking Material. The shot 
just mentioned is one type of so-called 


“blocking material’^ or “industrial 
opaque” used in industrial radiography 
to protect the x-ray film. Since the 
term “opaque” is used to designate 
materials such as barium sulfate used 
in medical work for a different purpose 
(page 219), it is desirable to avoid use 
of the term in a different sense here; the name “ Vdocking material ” thus 



Cassette 


Fxg, 12-15. — To explain the purpose of 
blookiiijy; niatorial. 


eliminates confusion. 

In Fig. 12-15, P represents a 2-in. plate lying on a cassette, and #S is 
the shot piled against the edge of the xdate as a blo(d<ing material. Since 
the plate P is so thick, the intensity of the primary x-rays striking the 
cassette at A, in the absence of the shot, will be hundreds of times their 
intensity at B. Consequently, the scattered and se(!ondai-y rays from 
A and points near it have an intensity at B comparable with the pri- 
maries at B, without any blocking material. This causes fogging of the 
film for a considerable distance from the edge E of the plate. 

When the shot /S is used, however, the primaries at A are reduced in 
intensity to such a degree that scattered and secondary rays no longer 
fog the film to the left of E. The use of shot as a blocking material is 
discussed in detail in an article by Moriarty.^ He states that 70-mesh 
shot is the best size (about 0.015 in. in diameter). Commercial steel 


1 C. D. Moriarty, Gen. Elec. Rev., 42, 109 (1939). 
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shot used in shot blasting operations is satisfactory, although Moriarty 
believes that copper shot is somewhat better for radiographing steel 
objects. For the radiography of thick aluminum and magnesium objects 
of cylindrical, spherical, or irregular shape, aluminum shot may some- 
times be used to advantage. 



Fio. 12-16. — ^Lead strip B used as blocking material along edges of thick metal specimen P. 


iVood- A 

Meter/ plate— 


1 


iVoad screw 
Metal rod screwed— 
into metal p/ate 

Spring—^ 


Washer 


Meta/ tube- 
fetescoping 
over metal rod\ 


If it is required to radiograph a 2-in. steel plate 3 ft. square, for 
example, the procedure outlined above is not suitable. Such a heavy 
plate would crush a cassette and perhaps the table. It may be laid 
horizontally on sturdy horses or a special fixture that will support it 
with most of the underside exposed. There must be no possibility of 

the horses or the fixture slipping or col- 
lapsing and allowing the 750-lb. plate to 
fall on a man working underneath. A 
14- by 17-in. cassette may be placed 
against the undersurface of the plate 
and blocked in position by means of 
some device such as the one shown in 
Fig. 12-17. The use of shot is incon- 
venient here; therefore, lead strips B 
about i by 2 by 25 in. may be tucked 
under the edge of the plate to protect 
the exposed edge of the cassette as shown 
in Fig. 12-16. Here P is the steel plat(^ 
and C the cassette containing the film 
P. It will be found necessary to place 
a sheet of -s- in. lead S under the cas- 
sette to protect it from scattered rays 
coming up from the floor. 

For a 1-in. by 3-ft. by 3-ft. plate, the lead backing in the cassette 
itself will furnish this protection, for the scattered rays are relatively 
less intense. Also, the lead strip B can be omitted, and nonscreen 
technique can be used. With a -l-in. plate, the scattered and secondary 
rays are so feeble compared with 200-kv. primaries that the use of a lead 


lJ 


Fig. 12-17. — Spring support pedestal 
for cassettes. 


Sec. 4] 


INDUSTRIAL RADIOGRAPHY 


255 


filter on the tube side of the film is unnecessary. Hence a lead-backed 
cardboard film holder may be used. In fact, for objects as thin as 
T^in. steel or f-in. aluminum, etc., a cardboard film holder should be 
used rather than a lead-lined cassette; the lead foil absorbs the primaries 
to an extent comparable with that due to the object, and thus better 
contrast and detail will be achieved with the cardboard holder. In 
determining the probable exposure time required from a technique chart 
like Fig. 12-1, it must be remembered that the omission of lead screens 
will increase the exposure time considerably because of their intensifying 
action. With 220-kv. equipment, it may be best to use a lead-lined 
cassette for f-in. and thicker steel plates and a cardboard film holder 
for T-in. and thinner steel plates. In this case, it may be found that a 
longer exposure is required to radiograph i-in. than -f-in. plate because 
of the intensifying action of the lead. 

The two most useful types of blocking material have already been 
mentioned, namely, metal shot and i-in. sheet lead. There are other 
types sometimes used in industrial radiography. For example, some 
x-ray equipment manufacturers sell a putty containing a compound of 
some absorbent element like barium. The object to be radiographed 
may be immersed in a liquid solution of some absorbent solute such as 
lead acetate. It is difficult to avoid voids and inhomogeneities in using 
putty. Liquid solutions have a comparatively low absorption coefficient 
and are obviously inconvenient except for special purposes. 

TabijK 12-2 

Voltasf^ 


aviiihiblc!, Blockhig Material Helpful and Often klsscnitial in Hadiographiiig 
kv.p. Gyliiulers, Spheres, and Irregnhir-shaped Objoets Made of 

140.. .. Magnesium and aluminuni more than 1 in. thick; denser materials of 
equivalent thickness 

200 Stool more than J in. thick; denser materials of equivalent thic.kness 

220 Steel more than 1 in. thick; denser materials of equivalent thickness 

250 Steel more than ll in. thick; denser materials of equivalent thickness 

400 Steel more than 2 in. thick; denser materials of equivalent thickness 

1,000 Brass, bronze, and copper more than 3 in. thick; denser materials of 

(Hpii valent thi(;kness 


Itadium. . . Blocking material unnecessary 

All oxanqile of the practical use of liquid blocking is the process 
devised by Woods and Ilight^ for inspecting internal screw threads at 
Bell Aircraft Cori)., Buffalo, N.Y., with the same degree of microscopic 
precision ordinarily attained in inspecting external threads only. In thig 
process, the part is immersed in a blocking liquid consisting of high-grade 
pure white lead thinned to the desired density with a volatile toluo] 
thinner. It is then radiographed on a special fine-grained film with leac 
^ R. C. Woods and K. K. Hight, Aero Digest, May, 1941, p. 199. 
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screens and soft x-rays. The resulting radiograph shows the internal 
threads so accurately that they can be measured microscopically by the 
methods used for external-thread inspection. 

A blocking material should be used around the edge of a flat plate 
whenever the screen rule (page 244) calls for a screen technique. Block- 
ing should also be used for any object which has such a shape that the 
film holder cannot be made to conform to it, in the cases listed in Table 
12 - 2 . 

A steel pipe 2 ft. in diameter with 1-in. walls is not regarded as a 
cylindrical or irregular-shaped object in interpreting Table 12-2. Such 
a pipe can be radiographed by using a flexible film holder and curving 
it to conform to the inner surface of the pipe, which should be radio- 
graphed a section at a time with the x-ray tube located outside, the pipe 
wall being regarded as a 1-in. plate. An extreme example of this type of 
work is the radiographic inspection of every inch of the 76 miles of welds 
in the penstocks at Boulder Dam. Some of this work was done with 
mobile x-ray equipment inside the penstock and film holders on the 
outside. Some was done with fixed x-ray equipment outside and the film 
holders inside. The diameters of this pipe varied from 8 ^ to 30 ft., 
with wall thicknesses up to 3 in.^ In work of this type where there ai-e 
no edges or holes in the object, blocking material is unnecessary. 

A steel pipe three inches in outside diameter with 1-in. walls is 
regarded as a cylinder in Table 12-2, however, for the only practical way 
to radiograph it is to lay it on a fiat film holder and pass the rays clear 
through it. Two-inch steel plate requires screen technique with 220-kv. 
equipment; the use of shot will prevent most of the edge fogging. 

6. Filtration. The quality of the radiograph can often be improved 
by the use of filters, which were discussed from the medical standpoint on 
page 231. A 1-mm. copper filter next to the tube will remove the softer 
rays, which are the ones most scattered by the object. Thus the fogging 
of the film by scattered radiation is reduced. With million-volt equip- 
ment, lead filters are sometimes used next to the tube instead of copper. 
The filtration introduced by lead screens in the cassette was discussed on 
page 181. These cassette filters reduce film fogging by absorption of 
both the secondary and the incoherently scattered rays from the object 
being radiographed. 

6. The Industrial Grid. When thick objects, for example, welds in 
4-in. steel plate, are to be radiographed, the use of million-volt equipment 
or radium is best. Sometimes the volume of the work is so great or thci 
available time so limited that the use of radium is ruled out. If 300- kv. 
or 400-kv. x-ray equipment is all that is available, the results obtainable 
with it on work of this thickness (4 in.) are usually disappointing, as are 
^ Gen. Elec. Rev., 37 , 40 ( 1934 ). 
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results on 3-in. plate using 200- or 220-kv. equipment. The reason, of 
course, is excessive scattering and secondary radiation. 

This can be reduced considerably in such cases by using an “industrial 
grid.” This is a Potter-Bucky grid (see Sec. 11-2) built on a more rugged 
plan than the ones used for medical radiography. The lead ribbons are 
thicker, and the supporting framework and mechanism for moving the 
grid are designed for convenient and dependable service in a boiler factory 
or foundry rather than a hospital. As explained in Chap. 11, the expo- 
sure time is considerably increased when such a grid is used, which is 
unfortunate, for the type of work where a grid is most needed is work 
where the exposure time is already exces^ve. . Such grids are sold by the 
x-ray equipment manufacturers. 

7. Welds in Tubes or Cylindrical Objects. To resume the discussion 
of radiographic examples, it may be supposed that the next job brought 
in for examination is an experimental weld in one of the journals of a 
crankshaft. The journal is 2 ^ in. in outside diameter and hollow, the 
wall thickness being about ^ in. Rays that pass diametrically through 
the center of the journal will penetrate only 1 in. of steel, but those 
passing on either side of the center will penetrate a greater thickness. 
With the 220-kv. equipment available, the screen rule calls for non- 
screen technique, but Table 12-2 calls for the use of blocking material. 
The average thickness of the steel to be penetrated may be regarded 
as about 1^ in. Figure 12-1 indicates that 210 kv.p., 10 ma., for 1 min. 
is suitable for this thickness. However, where there is considerable 
variation in thickness to be examined in a single radiograph, it is advan- 
tageous to reduce the contrast or increase the “latitude” by using a 
high voltage for a short time rather than a lower voltage for a longer 
time. Hence it may be decided to make a trial exposure at 220 kv., the 
highest voltage available, 10 ma., 50 sec., the tube-to-film distance being 
36 in. 

The table is covered with boxboard, and the equipment tuned up for 
220 kv., 10 ma. Then a lead-lined cassette loaded with nonscreen film 
is laid on the boxboard. If the crankcase is too heavy for the cassette, 
the major part of its weight may be supported by wood blocks on each 
side of the cassette. The welded journal is placed as close to the cassette 
as possible. Since the identifying figures and letters will be buried under 
the shot, they should be bound together by pressing them against the 
adhesive side of a piece of masking tape, for example, so that they may be 
more easily retrieved after the exposure. After laying the marker on the 
cassette, steel shot is poured around the journal until its lower half is 
buried, after which the exposure is made. 

Figure' 12-18 shows the resulting radiograph. The elliptical black 
line indicates incomplete penetration at and near the inner surface of the 
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hollow journal. The two black dots are due to oilholes drilled in the 
journal. If the first radiograph obtained of such a weld reveals no 
defects, it is advisable to confirm this by taking a second radiograph, in 
which the journal is rotated 90° from its first position. 

Welded vessels, cylinders, or tubes having an inside diameter between 
about 6 in. and 2 ft. and a wall thickness between 1 and 5 in. are most 
conveniently radiographed with radium. The techique will be descrihed 
in sec. 17, as well as the advantages of gamma-ray radiography in certain 
types of work. 

8. Radiographic Standards. About 12 years ago the A.S.M.E. 
Boiler Construction Code was revised^ in such a way as to recognize that 



Fig. 12-18. — Butt weld in a hollow shaft, showing incomplete fusion. 


radiography is the best means known for determining the quality of welds 
in pressure vessels. More recent revisions^ read, “All longitudinal and 
circumferential welded joints of the structure shall be examined 
throughout their entire length by the x-ray or the gamma ray method of 
radiography.’’ The code goes on to specify that penetrameters shall be 
used in taking these radiographs. For thicknesses of 2 ^ in. or less, the 
penetrameter is to be a 1-^- by -g-in. plate of material substantially the 
same as that of the plate under examination, the thickness of the penetra- 
meter being not more than 2 per cent of the thickness of the plate (Fig. 
12-19). The three holes shown are to have the diameters specified in 
the figure. The identifying number shown in the figure consists of lead 
figures cemented on with some adhesive like Duco household cement; it 
represents, to two significant figures, the minimum thickness of plate for 
which the penetrameter may be used. The penetrameters are to bo 

1 Mech. Eng., 66 , 267 ( 1933 ). 

2 Mech. Eng., 62 , 333 ( 1940 ). 
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laced on the side of the plate nearest the source of radiation. The 
nallest hole must be distinguishable on the radiograph, and the images 
F the identifying numbers must also appear clearly. Two penetrameters 


^,.‘Ic^enfifying numben 


1.8" O O o 

1 

I-- ^ 



For plates Vh Inches 
thick or (ess 


/ 

i.s o o o 



/ 

t 



For plates of thickness 
greater than Viz inches 


Diameters of Dotes (/eft to right) to be Z,iS and 4- 
times the th/ckness of the penetrame^r^ 
but not /ess than Vre inch 

Fio. 12-19. — Dimensions of A.S.M.E. penetrameters (1940). 

ure to be used for each exposure, one at each end of the exposed length, 
parallel and adjacent to the weld seam with the small holes at the outer 
mds. Figure 12-20 shows how one of these penetrameters appears in a 
•adiograph of a weld in f-in. plate. 

The United States Army Ordnance Specification AXS-476 for welds 
lalls for similar penetrameters except that the holes are one, three, and 
;our times the thickness of the penetrameter, but not less than 



Obviously, the o])je<‘.t of botii tiiese codes or specifications is to ensure 
that defects having a minimum extent e<iiial to 2 per cent or more of the 
plate thickness shall V)e visible in the I’lidiograjih, whether this minimum 
extent is in a direction perpendicular to the plane of the plate, or in this 
plane. When the smallest hole in the appropriate Army Ordnance 
penetrameter can be seen in the radiograph it is said that the sensitivity^^ 
of the radiograph is 2 per cent. 
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Tabub 12-3.* — Dimensions of U.S. Army Ordnance Penetrameters 


Specimen 

thickness, 

in. 

Identifying 

number 

Penetrameter 

thickness 

in. 

i 

.25 

0.005 

8 

.38 

0.008 


.50 

0.010 

1 

.63 

0.013 

3 

4 

.75 

0.015 

T 

8 

.88 

0.018 

1 

1.0 

0.020 

li 

1.1 

0.023 

U 

1.3 

0.025 

If 

1.4 

0.028 

If 

1.5 

! 0.030 

If 

1.6 

0.033 

n 

1.8 

0.035 

If 

1.9 

0.038 

2 

2.0 

0.040 


Hole diameters, in. 


Large 

Medium 

Small 

0.03(69) 

0.03(69) 

0.03(6D) 

0.03(69) 

0.03(69) 

0.03(6£)) 

0.04(60) 

0.03(69) 

0.03(69) 

0.05(56) 

0.04(60) 

0.03(69) 

0.06(53) 

0.05(56) 

0.03(69) 

0.07(50) 

0.05(56) 

0.03(69) 

0.08(46) 

0.06(53) 

0.03(69) 

0.09(43) 

0.07(50) 

0.03(69) 

0.10(39) 

0.08(46) 

0.03(69) 

0.11(35) 

0.08(46) 

0.03(69) 

0.12(31) 

0.09(43) 

0.03(69) 

0.13(30) 

0.10(39) 

0.03(69) 

0.14(28) 

0.10(39) 

0.04(60) 

0.15(25) 

0.11(35) 

0.04(60) 

0.16(21) 

0.12(31) 

0.04(60) 


* Numbers in parentheses are equivalent Brown and Sharpe gauge drill sizes. 

The A.S.M.E. code goes on to specify^ that 


. . . Identification markers whose images will appear on the film shall be plaeed 
adjacent to the weld and their location accurately and permanently stamped near 
the weld on the outside surface of the drum or shell, so that a defect appearing on 
the radiograph may be accurately located in the actual weld. 


This matter of identification is very important in any type of radio- 
graph. If it is objectionable to stamp on figures or letters with stoel 
stamps, they may be painted or stenciled on or, if permanence is unneoos- 
sary, may be marked on with a china-marking pencil. 

When the object must stand vertically while being radiograph.ed, 
the lead letters and figures cannot be laid on a vertical surface, of coui*«o. 
In such a case, they may be held in place with scotch tape. VV^ith stjoel 
objects, a small magnet may be used for this purpose. 

The A.S.M.E. code specifies the minimum distances between tdie 
radiation source and the back (film) side of the plate as follows : 


Plate 

Thickness, 

In. 

Up to 1 

1 to 2 

2 to 3 

3 to 4 

4 to 4^ 

1 Mech. Eng., 66, 267 (1933). 


Distance, 

In. 

. . 14 
.. 21 
.. 28 
.. 36 
.. 38 
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Ttie code also states that the film shall be as close as practicable to 
back surface of the weld (the side opposite the radiation source), not 
exceeding 1 in. if possible. These requirements are of course intended to 
the blurring and distortion (pages 214 and 215). The following 
^oq[xxii:*ements are quoted: ® 

1 . -Welds in which the radiographs show elongated slag inclusions or cavities 
be unacceptable if the length of any such imperfection is greater than 
ivvbere T IS the thickness of the weld. If the lengths of such imperfections are iLs 
ijtiaii and are separated from each other by at least &L of acceptable weld 
jnaetal, where L is the length of the longest imperfection, the weld shall be judged 
^ccejp "table if the sum of the lengths of such imperfections is not more than T in a 
weia length of 12T. 

^ * Wc^ds in which the radiographs show any type of crack or zones of incom- 
^plebe fusion shall be unacceptable. 

3 . Welds in which the radiographs show porosity shall be judged as acceptable 
or lartacceptable by comparison with the standard set of radiographs, reproduc- 
-fcioxis of which may be obtained by purchase from the Boiler Code Committee. 

^ few interesting excerpts from the Army Ordnance specifications 
xrxay' be quoted. 


Tbe following are rejectable defects: 

1 . Porosity 2. Slag inclusions 3. Imperfect fusion 4. Incomplete penetratioi 
5. XJndercuts 6. Cracks 7. Lack of presc.ribed fit. . . . When the undesirabL 
fusion condition is in the penetration zone, it is referred to as improper penetra 
•tion. The radiographic image is a more or less straight line. ... All cracks nr 

rejectable Various types of cracks are . . . longitudinal, transverse, crate 
cmcks, and plate cracks. 

1 he A.S.M.L. code and the Army Ordnance specifications are tw 
of Lbe best known examples of the “radiographic standards” that hav 
neen established to guarantee the quality of radiographic inspeotior 
itirrout such standards, a few careless radiographic technicians coul 
soon discredit the method in the eyes of those who depend upon it fc 
xt IS only too easy unconcernedly to “shoot a radiograph” that revea' 
no defects in a dangerously defective part. As a result of the advent ( 
million-volt equipment, greatly improved x-ray film, and the stead 
Improvement of radiographic equipment of ordinary voltage, there hf 
oeen a trend toward stricter radiographic standards. At present, mo; 
op^ators are striving for 1 per cent sensitivity, oven in thicknesUs u 

to « in. of steel, and the requirement of 2 per cent sensitivity is practical] 
tinxversal. 

T' Castings. The radiography of an iron or ste 

^sting differs in no essential way from the radiography of a vessel . 
clovxce welded together from rolled plates, girders, etc. In the latt 
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instance, the rolled shapes are usually assumed to be free of flaws, and 
attention is centered on the welds. In a casting, flaws are suspected 
everywhere and are especially searched for at points where the casting 
will be subjected to the greatest stresses in service, where a break would 
be disastrous, even though the stress may not be high, where there is a 
sudden change in section, and where previous experience has revealed 
flaws. 

The flaws found in castings differ from the flaws found in welds. 
Among the common internal flaws occurring in ferrous castings are 
“blowholes,'^ shrinkage cavities, or “draws,” “pipes,” cracks, “cold 
shuts,” and inclusions (of slag, sand, etc.). Blowholes are cavities due 
to entrapped gases and usually appear in the radiograph as circular or 
elliptical spots. Shrinkage cavities, or draws, have a rough interior 
surface with projecting dendrites and appear in the radiograph as a 
flaw of irregular outline, usually with a ragged edge. A pipe is a series 
of draws extending in a line, this condition being due to shrinkage. A 
crack appears as a ragged line in the radiograph when the rays are in the 
plane of the crack. When the rays are inclined at a large angle to this 
plane, the crack may not show at all, or it may appear as a slightly 
darkened irregular stripe, scarcely noticeable. A cold shut is an imper- 
fection caused by metal entering the mold through different sprues, 
cooling, and failing to unite on meeting. This appears as a smooth line 
in the radiograph when the rays are in the plane of the cold shut, but 
may escape notice when the rays are inclined at a large angle to this 
plane. An inclusion usually appears as an irregular, but not ragged- 
edged, spot in the radiograph. 

The usual role of radiographic inspection in producing castings is to 
examine critically the first ones made, to discover the type and location 
of the flaws. This information then usually enables the foundryman to 
change the casting technique by altering the gating, relocating (thills, 
changing pouring temperatures, etc., in such a way as to eliminate the 
flaws or at any rate to minimize them or to cause them to appear in a 
part of the casting where they are less objectionable. Having discovered 
an acceptable casting technique, the casting can then be put into pro- 
duction. There are cases, for example in the aircraft industry, where 
the use of more metal than that actually needed is not permitted. In 
such cases, the assurance that 999 out of 1,000 castings made in a certain 
way will be sound may not be enough. It may be imperative that that 
thousandth unsound casting be detected and rejected. This may be 
done by incorporating radiographic inspection as one of the steps in the 
production process. 

With large castings of irregular shape, there are sometimes corners 
and awkward locations where it is impossible to place a standard-sized 
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cassette or film holder in order to take the desired radiograph. In such 
cases one may improvise by cutting the film to the required size and 
shape and wrapping it in black paper held in place with scotch tape or 
paper clips. Small films of this type can be pressed between pieces of 
stiff cardboard faced with lead foil and held with paper clips. Such films 
are ordinarily placed at inside locations with the x-ray tube outside. In 
such situations, it is well to consider the possibility of suspending a 



Fig. 12-21, — Porosity in steel casting for cylinder liner. 

radium capsule inside and placing the film outside in a standard-sized 
film holder or cassette. The exact location of flaws in a complex casting, 
once they have been detected, may sometimes be most easily determined 
by means of stereoscopic radiography, as outlined on page 219. 

Figure 12-21 is a radiograph of a hollow cylindrical steel casting tc 
be used for a cylinder liner in an engine, after machining. Porous areas 
near the left end of the casting consisting of numerous small blowholes 
are seen. The walls of the casting were about f in. thick. It was laid 
on a lead-lined cassette containing nonscreen film and half buried in shot, 
Note the flange on the left end. This would permit shot to sift under 
the casting at this end. To prevent this, a rolled aluminum strip was 
laid under the casting, the thickness of the aluminum being equal tc 
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the distance the flange projects radially beyond the outer surface of the 
casting. To prevent shot from sifting inside the casting, a piece of 
thin cardboard or an old magazine several inches longer than the casting 



Fig, 12-22. — Shrinkage cavities in cast-iron valve sleeves. 


may be rolled up and inserted inside and then allowed to s]>ring out 
against the inner walls. Such simple tricks as this take very little time 
yet noticeably improve the quality of the radiograph. 

Figure 12-22 is a radiographic print of four cast-iron valve sleeves for 
a sleeve-valve type of internal-combustion engine. All four show 
shrinkage cavities, or draws, quite prominently. 

Figure 12-23 is a radiograph of a section of a heavy cast-steel door 
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about li in. thick, with lugs, bosses, and a flange near the edge. The 
heavy lugs represent a sudden and extreme change in section; and, as 
often happens in such cases, cracks result. Strange as it may seem, 
neither the bad crack nor the fine ones parallel to it could be seen on the 
surface of the casting, even after the radiograph showed exactly where 



Fui. 12-23. — Craciks in wteel easting located near abrupt change in section. 


one should look for them. A few blowholes are also seen. This radio- 
graph was taken with screen technique, a lead-lined cassette being used. 
A -j^in. lead strip was tucked under the edge of the door as blocking 
material. Note that an exposure light enough to reveal detail in the 
door proper is too light to reveal anything in the heavy lugs, which 
project about 2 in. above its surface. 

The remedy for this situation is to use extremely hard radiation. 
Figure 12-24 is a radiograph of another heavy cast-steel door, with 
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thicknesses varying from about -f- in. in some spots to about 2^ in. in 
others. Since this is a copy of the original film, rather than a print, 
cavities appear as dark spots on a light background. Cavities are to 
be seen in two regions, both circled in the figure. The remarkable 
feature is that one region is in one of the thickest parts of the casting, 
and the other in one of the thinnest parts; yet both appeared clearly in 



Fig. 12-24, — Gamma-ray radiograph of heavy steel-door casting. 


the same radiograph on the first attempt. This could be achieved only 
with radium or supervoltage x-rays. With x-rays generated at ordinary 
voltage, a long exposure would be required to reveal one region and a 
short exposure to reveal the other. 

10. Forgings. In general, steel forgings are quite free of gross 
macroscopic flaws of the types just mentioned in the discnission of cast,- 
ings. Engineers usually rely on this fact so confidently that tln^y regard 
the radiography of forgings as a waste of time, effort, and money. Aft, or 
having radiographed many forgings and discovering only a few s(n-ious 
flaws, ^ the author feels that there is considerable justification for t.his 
view. Figure 12-25 is a typical radiograph of a forging — it reveals no 

^ Some large forgings contain flaws due to cavities which were present, in the 
original ingot. 
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defects. It is evident that this forging has a shape complex enough 
so that, if it were a casting, one could be fairly certain that a radiograph 
would reveal at least a few scattered cavities or similar minor defects. 

One of the commoner types of flaw in a forging occurs when a ridge 
of metal folds over and is hammered down flush with the surface so that 
it appears smooth or perhaps reveals only a faint line. This condition 
is usually called a “lap” or sometimes a “fold.” The metal at the lap 
usually does not knit together as homogeneously as if the lap were 



Fio. 12-25. — RadioRi aph of utool forRinff. 


al>s<Mili, and so a condition soinowhat analogous to a cold shut in a castinj 
may (‘xist. However, it is difficult or impossible to detect such laps in ; 
radiograph if the metal has been thoroughly mashed together so as t 
make intimate c^ontact over the whole surface of the lap, even thoug. 
the intei'penetration, or knitting together, of the metal at this surfac 
may l)c^ superficial or lacking entirely. If the x-rays traverse the forgin 
in the plane of the lap (or the casting in the plane of the cold shut), th 
chan(“es of observing it are much better than if the rays are inclined t 
this plane; but this type of flaw, like a fine crack, may easily escap 
deteclion. 

11. Bonding. The above discussion of cold shuts, fine cracks, an 
laps suggests the analogous problem of determining the quality of bone 
ing by radiographic methods. In the manufacture of such articles £ 
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steel-backed bearings of bronze, babbitt, silver, etc., the surface of the 
steel backing is prepared by making it very smooth and very clean. 
Likewise, the soft bearing metal or alloy is given a smooth, clean back 
surface. Then the two are soldered together using a flux and a solder 
that usually melts at a temperature near the melting point of the bear- 
ing metal. If properly made, the bearing metal will be bonded to its steel 
backing so tenaciously that any effort to remove it will result only in 

tearing it in shreds; the bond is as strong 
as or stronger than the bearing alloy it- 
self. However, if some step in the manu- 
facturing process is improperly executed, 
the bond may be poor and the bearing 
metal under severe operating conditions 
may be pulled loose from its backing in 
spots. A nondestructive test for this con- 
dition is'much sought after, but the radio- 
graphic methods so far devised are of little 
value in this problem. 

If the faces of two equal-sized steel 
blocks are machined and polished flat and 
then pressed together firmly by a C clamp, 
a radiograph will show them as a single 
block, even though there is no bond what- 
ever between them. 

12. Radiography of Plain . Bearings. 
Porosity in the bronze (babbitt, silver, or 
other bearing alloy) of plain bearings may 
be detected radiographically by an ar- 
rangement of the type indicated in Fig. 12-26. A nonscreen x-ray 
film is wrapped securely once around a lead-sheathed wood roll, or 
mandrel. The film may then be covered with black paper for protection. 
The diameter of the roll, or mandrel, must be such that the bearings to 
be radiographed will slip over the paper-covered film tightly enough 
so that they will not wobble or slip when the roll revolves slowly. A lead 
cover C is provided with a slit S parallel to the axis of the roll. The 
whole equipment may be located in a darkroom to prevent fogging of the 
film by light, or it may be enclosed in a lighttight lead cabinet.' 

With the x-ray tube target T in the position shown, the exposure is 
made while the roll is slowly rotated at a constant speed. The greater 
the distance TS and the narrower the slit, the finer will be the detail 
shown in the radiograph but the longer the exposure time becomes. 
The best compromise depends upon the thickness, diameter, and material 
' This type of equipment is illustrated in Gen. Elec. Rev., 46, 54 (1942). 
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Fig. 12-26. — Arrangement for 
radiographing plain bearings. 
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of the bearings, the size of the focal spot, the tube current and voltage, 
and the size of the smallest pores that the radiograph is required to 
reveal; this compromise can best be determined by trial. 

Although the radiography of bearings is a special problem, it k. 
as a typical example of the radiography of small, hollow cylinoi*^ — 
objects with at least one open end. 

13. Aluminum and Magnesium. The radiography of aluminum 
castings differs from the radiography of ferrous castings (Sec. 8) only in 
minor respects. The lower absorption coefficient of aluminum and 
magnesium makes it possible to obtain radiographs of castings of these 
metals at ordinary voltages such as 200 kv. or less that are comparable 
with radiographs of ferrous castings obtained by using radium or million- 
volt equipment. The use of blocking material is rarely required in 
either of these instances. 



12-27. — Distributed pin-point porosity in cast aluminum. 


The defects commonly encountered are similar to those in ferrous 
castings. In general, gas cavities and shrinkage cavities are more com- 
mon and more widely distributed in aluminum castings than in ferrous 
castings. Widespi-ead distributed porosity and large local draws and 
pipes are frequently present, for aluminum shrinks while solidifying 
more than cast iron or steel. Gas is more easily trapped in an aluminum 
casting than in a ferrous casting. Aluminum is one of the metals that 
develops a scum on its surface while it is molten, such a scum being 
called “dross." Dross is occasionally poured into the mold, in spite of 
efforts to avoid this, and is therefore sometimes revealed by radiographs, 
usually scattered through the casting in small pieces. 

Figure 1 2-27 is a radiograph of a cast-aluminum plate after machining 
down to a thickness of 4' in. It is seen that there are hundreds of small 
cavities distributed throughout the metal, especially at the right end, 
which was next to the gate. This type of radiograph is helpful in study- 
ing the effects of varialjles in the casting technique, such as pouring 
temperature, metal composition, gating, and use of chills. To show 
such fine flaws, a fine-grained contrasty film should be used, without 
screens of any kind. An exposure of -g- min. at 100 kv.p., 5 ma., was 
used in taking Fig. 12-27, the tube-to-film distance being 6 ft. The 
condition illustrated in Fig. 12-27 is often called ^‘pin-point porosity. 
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It is sometimes caused by the agglomeration of absorbed gas, sometimes 
by shrinkage, and sometimes by both. Aluminum contains considerable 
absorbed gas. When the metal melts, the gas sometimes agglomerates 
in small bubbles somewhat as it does in water heated to 80°C., for 



Fig. 12-28. — “Wormhole” or pipe in an aluminum casting. 


example. When the metal freezes, these small bubbles sometimes remain 
scattered through it. Under certain conditions, the metal shrinks in 
such a way as to produce hundreds of small cavities fairly uniformly dis- 
tributed, rather than a localized draw in the part of the metal that freezes 
last. The pin-point porosity near the right end of Fig. 12-27 is primarily 
due to shrinkage. This was determined by sectioning, etching, and 
examining the cavities with a microscope. The dendritic structure 
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of fhf* is chanii’tin'ist ie of shrinkuj^e aiul indicatos that, it v 

t ht‘ priiujiry i*aus«‘. 

Figioro I2-2H shows a radiograpii revoaling a wormhole or pipe 5 
t» ill. loujj; in an ahuninuiu castinji^. Th(‘S(‘ niairly always have one c 
openinii; at thi* surfuia* of the m«*tal, anti careful visual examination of 
surface usually revi*als ihtur prt*senct^. Ho\vc?ver, when one of th 
oritices is se<*n on iht* surfaei*, the opening is usually less than in 
iliaiiu'ttu*, and it is usually not |>ossible to tell whtdher the wormhole 
n length of | or (> in. tir which direction it takes frtun the opening. Soi 
times a tine wire can hc( |>ushetl 2 in. into such a hole, but radiograi 
will revi*Hl that it has a huigth of 5 in., for t'xample, and whether or 
it jHUiet rates into ii vital iiart of the easting. 

d'he rudiogra|>li in Kig. 12-28 was taktm by laying the easting o 
eariibounl tilni holder ami itstng nons<*reen lihn. The thickness penetr« 
by the \“ray.s proliably varusl from 4 t><’ 2 in., the average thickness b( 
perhap i in. Sti*reoratli<igraiihy (|>age 210) i.s helpful in locating 
tluw.'i in a castitig of this sort. 

Most of th<‘ castings lirought to a ra<liographi(^ t.echnic;ian for exam: 
fioii liave an irregular shapis wi<h‘ variation in thic.kne.ss, and few if 
ilat t‘\ternal surfaei‘s against \vhi<*h oiu* <‘an lay n. flat, (uussettcj. ( k> 
ipiently, the problem of tlu‘ noliograjiher freinnuit.ly is to in<u*<>a.se 
latitude, that is, to i-e<lu<’e the I'ontrast, rather than in<‘reji,s<‘ it (see T 
!2 It. Only occasion.nlly an* th<* tinu* and moin^y a,V!iilal>le to i 
sf*veral ratliograpbs, noiiu* h<*avily exposisl t.o .show did.ail iu (.he t 
^ccltoiis. some lightly <*\p(».s«‘d to show <let.ail in the thin HiH'tion.s, 
Mtmo moilerately <*\poNc<l t<i .show tlctail in tin* a.v<u'a.g(^ .sia^tion.s. ll 
one may fak<* a radiograph, of th<‘ type shown in hig. 12-20, 
rotate tlie c.asting 00’ ami take a .second <*xposur(S iu this way, i 
appearing in bot h views can he a<*<‘nra1.ely locat isl, an<l (laws not rev(^ 
in «»ne view are practically <*ertain to app<\ar in the; other. 

'!%» olUain the hav c<jntr.ast or widt* la,t.it.u<le imshUhI for tyi>ical 't 
of this sort. onc‘ shunhl use nonscrecn tilin and k<a*i> tint (*xpo.sure 
Inw and the v<)lt.'ige high. Hatiiogra|)hing aluminum <’ji.stingiS at. 201 
i , much like r.'idiogr.aphing ferroii.s <*astings at. a million volt.s; bloc 
tti.alerial i i rarely needed. 

’rhls wide halt tude te<*hnaiuc permits .som<‘ of the fim^ di^t.ail su< 
pin pitinl. jMuosity to esc.ape notice, but. a surprising amount <‘an n< 
tle-h* ite .seen. Figure 12-20. for t'xamph*. is a radiogr.aph of a 
«>!i t .aluminum la-.anksh.aft. having Ixsaring journals more than 4 i: 
di.ameter. tin* r.«u iiograpli being taken by laying the easting on a 
lined e.assette, without blo(*king. ami exposing at 200 kv.p., 5 ma. 
.a -iec. 'i'hi.s r.adiograph reveals a few shrink.age cavit.ies, some incl 
diae^s in the lower right portion of the conmwt ing-ro<l journal, and n 
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spread pm-point porosity throughout,, even though the thickness pene- 
trated by the rays varies from 1 to 5 in. 

When a thin flat slab is to be radiographed, as in Fig. 12-27, to show 
fine detail as clearly as possible, one then increases the contrast by using 



Fig. 12-29. — Porosity and shrinkage in an aluminum casting of irregular contour. 

an entirely different technique. Figure 12-30 is a similar radiograph 
showing the difference between rolled- (4), extruded- (5), and cast- (66) 
aluminum plate. The latter shows considerable porosity, whereas the 
rolled plate shows none at all. The extruded aluminum shows an 
intermediate degree of porosity. This ■ radiograph was taken ivith a 
cardboard film holder (no lead foil), an extra-fine-grained nonscreen 
film, at 120 kv., 5 ma., 30 sec., the tube-to-film distance being over 6 ft. 
so as to obtain the effect of a true “point source” of the x-rays. 

X-ray motion pictures of the molten metal being poured into the 
mold have been found helpful for small aluminum castings. See page 225, 
and footnote reference to S. L. Fry. 

14. Spot Wields. The spot welding of aluminum sheets is a process 
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widely used in aircraft construction. The quality of spot welds depends 
upon electrode size, shape, temperature,^ and cleanliness, the current 
used and its duration, the pressure applied, the thickness and composition 



l''io. 12-30. — Ilollocl uhiniinurn (4), free of porosity; extruded aluminum (5), slightly porous; 

ciiHt iiluiniiiuin (00) i moderately porous. 

of tho sheets, etc. Some information about the cjuality of spot welds 
and how it is related to th(i aforementioned factors has been obtained 
)>y radiographic, methods, and several av ell-illustrated articles describing 
tlie details hiive Ixhui published." Figure 12-31 is a radiograph of two 

^ Sun, for oxiiinplc, P. M. Hock, Aero Digest, 41, 164 (October, 1942). 

= I). W. Sinit.li nnd F. Keller, Atn. Weldvtig Soe., 21, f>73 (supplement) (1942); 
H. 'I’jiylor, Aero Digest, 43, 263 (July, 1943); R. O. Woods and V. C. Cetrone, Iron 
Age, 161, 52 (Mar. 25, 1943); G. W. Scott, L. G. Sutton, and J. H. Widmyer. Welding 
23, su})pliun(uit, p. 560— S, November, 1944. 
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experimental welds of this type, with sheets. It was taken with 

a tube having a focal spot 1 mm. in diameter, at a distance of 42 in., 
50 kv.p., 5 ma., 12 sec., with a paper cassette and a fine-grained nonscreen 
film. The small size of the welds makes it advisable to use a very fine- 
grained filnn and enlarge the radiograph several diameters, somewhat as 



Fig- 12-31. — Spot welds in aluminum sheet. 


described in Sec. 13-3. Woods and Cetrone^ recommend the use of 
12-kv. continuous radiation for this work. In attempting to use such 
a low voltage with ordinary radiographic x-ray tubes, one is likely to 
encounter difficulty due to space-charge limitation of the tube current 
(page 115), and with shockproof tubes the inherent filtration of the tube 



Fia. 12-32. — Spot weld in stainless steel sheet. 


(page 231) may defeat the purpose of the very soft radiation by absorbing 
most of it. This may partly account for the greater success attained 
by the use of tubes with thin windows designed for diffraction work, as 
reported by various workers in microradiography (page 287). Tlie 
lower radiograph in Tig. 12-31 shows small cracks radiating from the 
center of the weld "nugget,” as it is called by Smith and Keller. 

Spot welding is a common means of fabricating structures from sheet 
steel. Figure 12-32 is a radiographic print of a spot weld joining two 
pieces of -i-in. sheet steel. It was obtained at 80 kv., 5 ma., in 5 min., 

1 See footnote 2 on page 273. 




Sec. 16] INDUSTRIAL RADIOGRAPHY 276 

with a fine-grained nonscreen film with no screens, placed 26 in. from 
the target. 

16. Die Castings. By using the die-casting process, many intricately 
shaped parts are cast with surfaces so smooth and dimensions so accurate 
that little or no machining is required. These are made from various 
alloys, among which the zinc-base alloys have been widely used. A 
good example of the complex shapes made by die casting zinc is the 



bottom 


left 


Fig. 12-33. — Porosity in early experimental zinc die-cast radiator grille. 

casting for an automol^ile radiator grille. Figure 12-33 shows a radio- 
graph of one of the first castings made fc^r a particular model of grille. 
Note the clusters of trapped air bubbles in certain sections of the casting. 
Porosity due to entrapped gas is probably the most common type of 
flaw in zinc die castings. It is easy to detect and locate such porous 
areas by radiography. Once this is done, a die-casting expert can deduce 
what changes to make in the casting technique to correct the trouble. 
A change in the gating of the grille of Fig. 12-33 eliminated the porosity 
before production was started. Zinc has a fairly high linear absorption 
coefficient ; but as a rule zinc die castings have thin sections so that they 
can be radiographed at ordinary voltages, such as 200 kv. or less. 
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In radiographing small die castings or any small objects, for that 
matter, such as door handles oi* vacuum tubes, it is often desirable to 
radiograph the objects in one position and then rotate them 90° so as 
to obtain both a “plan^^ and “profile” view. If six such objects are to 
be radiographed, for example, they may be laid on the upper 5 by 8 
half of an 8- by 10-in. film holder, the lower half being covered with a 
sheet of or -l-in. lead. After the radiograph is made, the lead can 
be placed over the upper half and the parts transferred to the lower 
half, where they are laid down rotated 90°. The film holder (or the 



Fig. 12-34, — Porosity in cast copper welding electrodes. 


x-ray tube) should be moved between exposures so that the target is 
directly over the object in both exposures. 

16. Bronze, Brass, and Copper Castings. These castings are often 
thick and massive; and since the linear absorption coefficient of the 
metals and alloys is high, it is often necessary to use radium or super- 
voltage x-rays to obtain satisfactory radiographs. Large shrinkage 
cavities are common. Figure 12-34 shows radiographs of three cast 
copper welding electrodes | in. thick. These radiographs were taken 
with nonscreen film using lead screens, targe t-to-film distance 30 in., 
200 kv.p., 4 ma., and 45 sec. The right-hand lug of electrode 3 is seen 
to be so porous that it will break off easily. To make objects like this 
stand up on the cassette for radiography, they may be leaned against 
wood blocks. 

Bronze, brass, and copper castings should be radiographed if they 
are to be subjected to high stresses unless a liberal allowance has been 
made for porosity and shrinkage cavities. 
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17. Concealed Assemblies. There are numerous articles which are 
welded or sealed together in such a way that subsequent visual inspection 
of the finished assembly is impossible. Examples are radio vacuum 
tubes, pressure gauges, rubber tires and fan belts, and exhaust mufflers. 
In some cases, radio vacuum tubes are being subjected to production- 



Fia. 12-35. — Radiograph of welded intake silencei^air cleaner. 


line in.spection by radiographic or fluoroscopic methods to check the 
alignment and spacing of the elements. 

Figure 12-35 is a radiograph of a welded intake silencei^aii" cleaner 
for automotive use. These units are welded together in suc.h way 
that their internal assembly cannot be determined except by radiography 
without destroying the article. In expensive radio power tubes it may 
be advisable to inspect each one fluoroscopically or radiographically. 
Before and after making sound tests or air-flow resistance tests of a 
welded exhaust muffler or an intake silencer, for example, it is well to 
check the internal parts for alignment radiographically. 
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Figure 12-36 is a radiograph of a heavy-duty rubber belt reinforced 
with small steel cables instead of the usual cotton cord. By taking such 
radiographs periodically during the course of a life test of the belt, the 
manner in which the wear and tear deteriorates the cables and finally 
causes them to fail can be readily determined. 

18 . Gamma-ray Radiography. Figure 8-1 indicates that the gamma 
rays from radium are somewhat harder than million-volt x-rays. The 
intensity of the x-rays at a given distance from the target of a million- 
volt x-ray tube as ordinarily operated is equal to the intensity of the 
gamma rays from several pounds of radium. This means that a piece 
of steel 5 in. thick can be radiographed with gamma rays from radium in 



2 or 3 days, whereas it could be radiographed with million-volt x-rays in 
a few minutes. With material of more ordinary thickness, such as steel 
in. thick, the time required for radiography with radium drops to 3 or 
4 hr., but such material can be radiographed with better sensitivity by 
using x-rays from ordinary 140- or 200-kv. equipment in about a minute. 

Nevertheless, in many cases there is a great advantage in the use 
of radium for industrial radiography. If the need for radiographing 
castings or other objects too thick for 220-kv. equipment arises only 
infrequently, it would be uneconomical to build a suitable room and 
buy a million-volt x-ray outfit for about $100,000 that would be needed 
only for a few minutes every month or two, for 100 mg. of radium to 
radiograph the castings, etc. can be rented at a cost of about $7 per day 
or $25 per month. If, on the other hand, it is necessary to radiograph 
300,000 six-inch-thick castings, million-volt x-ray equipment should be 
used. 

The small portable radium container (page 208) offers obvious radio- 
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graphic advantages for projects such as the inspection of welded ra 
joints in the Moffat tunnel.^ There are also many cases where th 
piece to be radiographed is hollow. Examples are pressure vessels 1 f 
or less in inside diameter, large high-pressure pipe, valves and fittingi 
and cannon. Such pieces can be radiographed with radium by suspenc 
ing it inside on a fishing line and placing film holders around the outsid 
For solid cylinders or bars of large diameter, gamma rays or super volt ag 
x-rays are needed to give a satisfactory radiograph. Rays of 220 kv. ai 



Fig. 12-37. — Plan of typical arrari>i:oinent for gaiiuna-iMy radiography. 

hard enough to give fairly good results with 3-in. steel plate, but n 
with 3-in. -diameter steel bars t)r solid cylinders. Reasonably go< 
results can be obtained with 400-kv. equipment by burying a bar of tl 
diameter in sliot, but this is unnecessary with i-adium or million-vc 
x-rays. 

A technique suitable for gamma-ray radiography may be describe 
by means of an example. Suppose a steel door casting like the one 
Fig. 12-24 and 25 three-inch cast-steel bars 1 ft. long are brought in f 
radiogi-aphy at 2 p.m. A room which will be unoccupied during t 
night and in which no undevelt)ped photogi'aphic films oi’ plates £ 
stored is selected. A cross is marked on the floor (Fig. 12-37, cent< 
with a piec^e of chalk to fix tlie location of the radium. The distor-ti 
lt/2(l [eciuation (1 1-1)1 niay be permitted to be as great as 4' in. and t 
blurring sZ/r/ as much as 0.01 in. [ocpiation (1 1-2)1 hi order to minimi 
the exposure time, and this yields a value of aliout 36 in. for d for t 
steel bars. Hence a carcle of 3 ft. radius is drawn on the floor wi 
chalk and a piece of string, the cross being used as center. Five two-t 

^ Railway Age, 117 , 108 ( 1944 ). 
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fours ABODE j about 18 in. long or longer, are laid flat on the floor around 
the 6-ft. circle as shown. Five of the steel bars are stood up side by side 
on each of the five two-by-fours. A 14- by 17-in. cardboard filni holder 
loaded with nonscreen film is placed behind each group of bars. The tube 
side of each holder should be in contact with the bars on the side away 
from the center of the circle, the 17-in. edge lying on the floor. The 
holders may be propped against the bars with a stick of wood. Markers 



Designed by U. S. Naval Research Laboratories. 

and penetrameters are attached to the bars with scotch tape on the side 
next the center of the circle. Without the two-by-fours, the lower end 
of the steel bars, resting on the floor, would be even with the bottom 
edge of the film, thus leaving no margin. 

The door of Fig. 12-24 is about 1 by 1^ ft. and varies in thickness from 
f to 2^ in., the average being about If in. The circular slide rule (Fig. 
12-38) supplied to radium users by the radium supply companies may 
next be consulted.^ If 200 mg. of radium is to be used, the film-to-source 

^ Such as Canadian Radiuna and Uranium Corp., New York, N.Y., or Radium 
Chemical Co., Inc., New York, N.Y. 



Sec. 19] 


INDUSTRIAL RADIOGRAPHY 


281 


distance for the bars (36 in.) is set opposite 200 (milligranas) on the two 
inner scales. Then opposite 3 (thickness of steel bars in inches), 30 
(hours) is read on the two outer scales. This indicates that with ordi- 
nary x-ray film about 30 hr. of exposure will be required. Nonscreen 
film is about twice as fast (film factor = 0.5); the time will therefore be 
about 15 hr. Upon turning the dial so as to set If (inches average 
thickness of the door) opposite 30 (hours) on the two outer scales, it is 
seen that 58 (inches) falls opposite 200 (milligrams) on the inner scales. 
This indicates that the film behind the door should be placed 58 in. 
from the cross on the floor in order to receive the same exposure 
through the door in front of it as that received by the films behind the 
bars. This will give a distortion of about f in. and a blurring of about 
0.004 in. for the door, which is also set up on a two-by-four like the bars. 
Any handy heavy object can be placed behind the film and door for them 
to lean against in a nearly vertical position. The slide rule of Fig. 12-38, 
like the technique chart in Fig. 12-3, has its scales computed on the basis 
of Lambert’s law (Sec. 5-1) and the inverse-square law. 

Next, a glass funnel with rubber stopper (page 208) is stood at the cross 
on the floor. If the room cannot be locked for the night, warning signs 
should be posted on a barricade made of chairs, tables, or other conven- 
ient objects. When 5 p.m. quitting time arrives, the radium container 
is lowered into the funnel with fishing line and meter stick, as described 
on page 208. In the moi’ning when work is resumed at 8 a.m., the radium 
container is removed to its safe and the films ai-e developed. In this way, 
the 15-hr. exposure time is no handicap; the work is accomplished just 
as quickly as if the exposure time were 15 sec. A large amount of 
material can be i^laced around the radium container and radiographed 
overnight. If circumstances make it urgent, the exposure time may be 
reduced nearly 50 per cent by using two films, as explained on page 
1 85* 

Figure 12-24 is the radiograph of the door. It was discussed on page 
2()6. Note th(; lines iii the radiograph that have been made more evident 
by the dotted ink linos. 4'h(isc represent the edges of the paper flaps that 
enclosed the lilm in the Him holder. This effect is due to photoelectrons 
ejected from the lead l)acking by the gamma rays. The electrons are 
absorbed t,t) a gi-eater degree by three layers of heavy paper than by two 
layci's. Ihnce tlie lines of demarcation at the edges of the flaps appear 
clearly in tlu^ radiograpli. As long as the person interpreting the radio- 
graph untlerstands this, no harm is done, but the usual practice is to sand- 
wich the Him in load foil to prevent this effect. 

19. Supervoltage Radiography. For the routine radiography of 
large nurnbesrs of lieavy metal parts (steel thicknesses of 2 in. or more, 
aluminum thi(':knesHes of 4 in. or more, etc.), million-volt equipment is 
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most suitable. For thicknesses above 4 or 5 in. of steel, 2-niillion-volt 
equipment is much faster and gives better sensitivity and definition than 
that attainable at 1 million volts. Million-volt radiography will reveal 
defects of 2 per cent or less of total thickness in steel objects for thick- 
nesses between 2 and 6 in., roughly. A 2 million-volt unit will give 2 per 
cent sensitivity or better frotn about 4 to 8 in. of steel. The veiy hai'd 
rays, like gamma rays, permit wide latitude in the range of thickness that 



Fig. 12-39, — A General Electric million-volt industrial x-ray unit, as used to inspect t urbo- 
supercharger parts. {Courtesy of General Electric X-ray Corporation,) 


can be examined in a single radiograph, and the time-consuming l)locking 
technique required at lower voltages is eliminated. In addition, the 
great intensity of the rays results in great radiographic speed and allows 
the tube to be placed 10 ft. or more from the work (see Figs. 12-3 an<l 
12-39).^ There is no need to sacrifice definition by placing the radiation 
source near the film to gain speed, as with radium. 

Thus it follows that superior definition and sensitivity can be achieved 
in radiographing thick, dense objects. Since a large number of undis- 
torted radiographs can be taken at one time, it is possible to radiogi-aph 
about thirty to fifty times the volume of heavy objects per hour that (uin 

^ See E. E. Charlton and W. F. Westendorp, Gen. Elec. Rev., 44, 654 (1941). 
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be handled with 400-kv. equipment, provided that the additional man 
power is available to load cassettes, develop film, move the material in 
and out, arrange lead maihers and penetrameters, and examine the 
finished radiogi-aphs. Other features of supervoltage radiography have 
been discussed under Gamma-ray Radiography and other headings in 
the earlier sections of this chapter and in earlier chapters. 

20. Production Radiography. The need to inspect large numbers of 
parts of moderate or small thickness is the most common problem in 
production radiography. For such parts, supervoltage equipment is 
not needed, nor indeed is it desirable, for it will not yield the radiographic 
contrast that can be achieved at the lower voltages (see Table 12-1). 
Frequently the volume of work makes it practical to build complex 
installations where the parts to be radiographed are brought up and 
carried away by conveyers; the operation of carrying the parts into and 
out of a lead-lined room can be altered so that the parts are enveloped in 
a large lead-lined poAver-operated hood or cabinet during the exposure. 
An example of special equipment of this type for production radiography 
is the machine built by Triplett and Barton at the Lockheed Aircraft 
Plant, Burbank, Calif. Several of these machines are in use,’^ each capa- 
ble of radiographing 5,000 small castings for aircraft use daily. Each 
machine will expose a thousand 14 by 17-in. negatives daily. In one of 
the General Motors Corporation divisions, trays of small parts are radio- 
graphed, and the negatives are developed, fixed, and then examined, 
while still wet, by the inspector l)eforo the parts are removed from the 
trays. On the basis of the inspection, the defective parts are rejected 
and the negatives discarded while still wet. 

By using an ionization chamber, some simple types of x-ray inspec- 
tion may be made completely automatic. This type of machine is 
described in Sec. 13-2. 


QUESTIONS AND PROBLEMS 

1. For what typo of insp<urtior» is ia<li<)grnphy l)ost suited? Distinguish between 
fixed and mobile radiographic (‘(piipment. JOxplain the use of a technique chart. 
With 200-kv.p. equipment, wluit te<Oinique should you try for a first exposure on a 
buttweld in i-in. plate? In li-in. plate? 

2. JOxplain the tcsrrns “porosity,” “undercutting,” “incomplete fusion,” “crater 
cra.ck,” a.nd “ inc.oinphde pemetration.” lk>int out exampU^s of these defects in Figs. 
12-4 to 12-15. Sonu! of the inor<‘ {•.ommon film Haws are caused by what factors? 
How may such flaws In? distinguislu^tl from actual Haws in the specurnen? 

3. What is blocking material? When should it bo us(id? Why is it necessary? 
Descu-ibe two of t-ho most practical types. What is an industrial grid, and when is 
it helpful? 


^ Ilhistrated in Aero Digr.si, 38, 224 (May, 1041) and Electronic Ind., 2,45 (January, 
1043). Sec also Iron Age, 146, 30 (Nov. 21, 1040); It. Taylor, Aero Digest, 46, 88 
(Apr. 1, 1044). 
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4 . Are there any particular radiographic specifications which are at least semi- 
officially recognized as a criterion of sound welding? What is a penetrameter? 
What is it for? How may a radiograph be identified several months after it has 
been developed and filed away? 

6. Define and distinguish between blowholes, draws, pipes, cold shuts, and dross. 
These flaws are common in what? Explain what these defects look like in a radio- 
graph and how to distinguish between them in examining the film. 

6. Are fine cracks, cold shuts in castings, laps in forgings, and poor bonding 
between flat surfaces always revealed by a good radiograph? What method is some - 
times used to radiograph the bronze or babbitt in plain bearings to reveal fine pores? 
What flaws are common in aluminum castings but not in ferrous eastings? What is 
meant by “ wide-latitude technique” ? 

7. Is stereoradiography helpful in certain types of industrial work, as well as 
in medical work? Is it possible to distinguish between rolled, cast, and extruded 
aluminum radiographically? How does one obtain two or more radiographic views 
of the same object or group of objects on a single film? 

8 . In radiographing a fiat plate for maximum detail, should one use a low-voltage 
long-time exposure or a high-voltage short-time exposure? Answer the same question 
if it is desired to detect flaws quickly in an irregular-shaped casting. 

9 . For what type of work should you recommend gamma ray radiography? 
Why is gamma-ray radiography preferable to million-volt radiography in examining 
certain types of hollow vessels and fittings? In examining only a few objects occa- 
sionally? Is the long exposure time with radium always a handicap? How does 
one estimate the exposure time and radium-to-film distance for a given object? 

10. For what type of work should you recommend million-volt radiography? 
Can the General Electric million-volt equipment be operated readily at, say, 200 kv.? 
For what type of inspection would million-volt x-ray equipment be superior to 
radium? 

11. Is it ever practical to radiograph, say, 25,000 parts per day in production in a 
single shop? Is it always necessary to file away the huge quantities of film used in 
production-line radiographic inspection? 
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1. Industrial Fluoroscopy. Compared with radiography, fluoroscopy 
has four disadvantages. (1) A fluoroscopic screen lacks the integrating 
power of a photographic film. The light emitted by the screen must be 
generated from the energy of the x-rays absorbed by the screen at that 
instant, whereas the energy needed to impress a latent image on photo- 
graphic film can be stored up from the x-ray energy absorbed by the film 
and intensifying screens (if used) over a period of minutes. Hence, if 
the x-ray intensity is great enough to yield a good radiograph in 2 or 
3 sec. or less, it is great enough to make a fluoroscopic screen glow so 
that it can be seen easily in a dark room ; but if i min. or more is required 
to expose the x-ray film, the intensity is probably too low to be satisfac- 
tory for fluoroscopy. (2) A fluoroscopic screen lacks the contrast 
achieved by x-ray film. If a spot on the film is exposed to rays 2 per 
cent more intense than those striking the surrounding area, this spot is 
noticeably darker after the lilni is developed; with a fluoroscopic screen, 
such a spot escapes notice unless the x-ray intensity is nearly 10 per cent 
greater in the spot, that is, the screen lacks ‘ ‘ contrast. ” (3) Fluoroscopic 

screens, being rather coarse-grained, also lack resolving power, which 
means that the spot just discussed is easily seen on a photographic film 
if it is ill- in diameter but might easily es(^ape notice on the screen 
unless it is in. or more in diameter. (4) Fluoroscopy leaves no record — 
there is only the memory of the person who looked at the screen. 

Therefore fluoroscopy is limited to cases where a radiograph could 
1)0 taken in a few seconds <3r less, and w’here the flaws could be detected 
in a radiograph at first glance. This Ixnng the case, why is fluoroscopy 
used at all? It is used bec^ause it also has important advantages, as 
well as disadvantag(‘s, compared with radiography. (1) Its speed. It 
is easy to cxamiiH^ an orange (^very second fiuoroscopically and reject the 
bad ones, but it would be very difficult to radiograph them at this rate 
with a single maidiiiK^ and select the bad ones, which would have to be 
identified and rejected several minutes later after development of the 
film. (2) Its low cost. The expense of the film, developer, and fixer 
alone would make the radiography of oranges cost more than the oranges 
are worth; yet fluoroscopic, examination of oranges on a large scale is 
commercially profitable. (3) Fluoroscopy is adapted to moving objects, 
such as those on a conveyer belt; radiography is not. 

285 
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Some success has been achieved recently in the fluoroscopy of alumi- 
num and magnesium sheet and plate in thicknesses of less than 1 in. 
by keeping it moving slowly so that the eye may more easily notice any 
small flaws. The troublesome reflections in the lead-glass protective 
screen are eliminated by surface treatment.^ The fluoroscopic method 
is commonly used for inspecting packaged foods such as corn flakes, 
candy, etc., canned foods, vegetables in bulk, citrus fruits, meats, and 
oysters and clams. Foreign objects, bone slivers or broken shells, 
partly filled packages and cans, hollow hearts (in potatoes, etc.), and 
frost damage and crystallization (in citrus fruits) are detected in this 
manner. Fluoroscopy is also employed to examine automobile tire.s 
for ruptures of the fabric, sand blisters, nails, etc.; it is common in shoe 
stores for fitting shoes ; it is used in the building trade to locate concealed 
wiring, pipes, timbers, braces, reinforcing rods, etc., in walls and floors. 
It is sometimes used by postal and immigration inspectors to examine 
packages suspected of containing bombs, smuggled goods, etc. It is 
also used to check the assembly of radio tubes, shell fuses, etc., and for 
inspecting small ammunition, wire and cable for breaks and centering in 
the insulation, golf balls, firebrick, arc carbons, etc. 

Fluoroscopic screens were discussed in Sec. 9-1. Medical fluoroscopy 
was discussed in Sec. 11-1. The necessity of protection for the operator 
and methods of achieving it were discussed in Chap. 10. In the fluoro- 
scopy of foodstuffs or of large numbers of manufactured articles in pro- 
duction, the tube and high-tension equipment should be enclosed in a 
grounded metal cabinet with lead lining of the thickness indicated in 
Chap. 10. About 100 kv. should be sufficient for this work. Tlic 
fluoroscopic screen may be viewed in a mirror or in a double-mirror 
periscopic arrangement so as to remove the operator from the primary 
x-ray beam. A lead-glass window of sufficient thickness to absorb all 
scattered and secondary rays must be provided. Rejections and manipu- 
lations must be performed mechanically by pushing or turning levers or 
buttons, so that there is no possibility of the operator or others expo.sing 
their hands to x-rays or contacting a high-tension conductor. Tlu^t 
material examined should be carried into and out of the fiuoi'oscope by 
conveyer. Equipment of this type is manufactured complete, except 
for the conveyer, by the x-ray equipment manufacturers. 

2. Automatic Industrial Inspection with an Ionization Chamber. 
Woods and Kenna report ^ that the soldered joint between the blade and 
handle of table knives is regularly subjected to x-ray inspec.tion <it 

1 See, for example, K. B. Blodgett, Phys. Rev., 66, 391 (1939), or C. H. Cnrtwriglit 
and A. F. Turner, Phys. Rev., 66, 595 (1939); also K. M. Greenland, Am. Ciriptna- 
tographer, 26, 223 (1944). 

® R. C. Woods and L. P, Kenna, Electronics, 14, 29 (April, 1941). 
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Oneida, Ltd., Oneida, N.Y., at a rate of 1,400 per hour, by a machine 
which automatically rejects the defective ones. In this machine, an 
x-ray beam is directed through the soldered joint, after which it enters 
an ionization chamber (Sec. 9-3). If the joint is defective, the emergent 
beam (and hence the ionization current) is stronger than if the joint is 
sound. The ionization current is only about 10“® amp., but it is amplified 
and used to control a relay that mechanically rejects the defective knives. 
Hand grenade fuses have been automatically inspected by a similar 
method, except that the x-ray beam strikes a phosphor (Sec. 9-1) instead 
of an ionization chamber. The fluorescent light from the phosphor is 
measured by a type 931 photomultiplier tube and amplifier.^ 

Attempts to use this method for inspecting extruded forms and shapes 
have not achieved the sensitivity that is attained by radiography. The 
x-iay beam is directed through the extruded bar transversely, thence 
into an ionization chamber. When a cavity or similar flaw in the moving 
bar passes through the x-ray beam, the ionization current momentarily 
increases and, after amplification, may cause the flaw to be marked by 
a daub of paint at the point on the bar where the flaw is located. The 
flaws that can be detected in this manner are fairly gross; flaws such as 
a spherical cavity in. in diameter in a bar 1 in. square will not be 
detected, although they would be revealed easily in a good radiograph. 
The thicknesses that can be inspected in this manner are also limited. 
Extruded aluminum shapes not thicker than i in. or plastic (for example, 
Lucite) shapes up to i in. in thickness should be suitable for this type 
of examination. General lillectric X-ray Corp. has manufactured some 
c(iuipment of this type. The lillectronic Control Corp., Detroit, Mich., 
has also placed this type of equipment on the market. 

3. Microradiography and Grenz-ray Radiography. Ordinary radiog- 
raphy corresponds to ordinary photography. It is only natural that an 
elTort should be made to develop the radiographic equivalent of photo- 
micrography. In photomicrography, the magnification is accomplished 
by passing the light through lenses after it leaves the object and before 
it rea(?hes the photograpliic film or plate. If lenses were not available, 
a mic.r<.)scM)pe might be built using concave and convex mirrors; but with 
x-rays neither lenses nor mirrors are of any use, as explained in Chap. G. 
Hence the only solution is to make the radiograph at unmagnified actual 
size and then magnify the radiograph. 

'■Jliis immediatcily raises the question of photographic grain size and 
the practical limit attainable in photographic enlargement. Obviously, 
the original radiograph should bo taken on a film or plate having the 
smallest gi'ain size available if maximum enlargement is the primary 

' Sco II. M. Smith, Gen. Elcc. Rev., 48 , 13 (March, 1945); for illustration, see 
Science News Letter, 44 , 259 (1943). 
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requirement. In the United States, the finest grain available is in the 
Eastman Type 648-0 spectrographic film or plates, as mentioned on 
page 177. When magnified 200 diameters, the definition of the resulting 
enlargement is still good. However, as the gi’ain size is reduced, so is 
the speed. Consequently, this film is extremely slow compared vv^ith 
ordinary x-ray film. Fine-grained positive 35-mm. motion-picture film 
has about three times the speed of 548-0, but the maximum permissible 
enlargement is only about 30 diameters. Process film or plates may 
also be used up to about 30 diameters. A step beyond this comes the 
fine-grained x-ray films like Agfa Superay B or Eastman Industrial Typo 
M. These may profitably be enlarged about 15 or 20 diameters, and they 
have a speed about 10 per cent of that of ordinary x-ray films. 

Photomicrography has been found to be a valuable method of investi- 
gation in many fields, of which two of the best known are perhaps biology 
and metallography. In the former field, a microtomic section only a 
few thousandths of an inch thick is examined by transmitted light. In 
the latter, a carefully ground, polished, and etched surface is examined 
by reflected light. Owing to the very limited depth of focus of the 
microscope lenses, even the first of these two methods essentially limits 
the photomicrograph to two dimensions. 

Two primary advantages of microradiography should be pointed out. 
The first is the removal of the two-dimensional limitation just mentioned. 
This is achieved by using a penetrating radiation (x-rays) so that the 
microradiograph will be a sort of superphotomicrograph revealing detail 
in three dimensions. A photomicrograph may be thought of as a picture? 
1 in. square of a flat surface in. square. A microradiograph ^ may be 
thought of as a picture 1 in. square showing the details of the struct.ure 
of a solid cube in. on each edge. A microradiograph is obtained by 
passing x-rays through a slice of the material about y^o in. thick or less ; 
if a thicker sample were used, the shadows of the various details to bt? 
seen would be superposed upon one another in such profusion that only 
confusion would result. The second primary advantage makes use of the 
x-ray absorption edges (Chap. 5). These make it possible to obtain 
effects in a microradiograph that cannot be duplicated in optical micro- 
scopy. In an alloy of copper and nickel, for example, one may take the? 
microradiograph with monochromatic (characteristic) x-rays of a wave 
length just less than the K limit of nickel but longer than that of copper 

ti. V. Chilton, Rev, Sci. ItistTumentSj 21, 33 (1944), corxtonds theit tho toriiiH 
'‘x-ray micrograph” and “x-ray micrography” are preferable to “microradiograph ” 
and “microradiography”; E. L. Garvin, J. Applied Phys., 16, 455 (1944), concurK in 
this. See also S. E. Maddigan, J. Applied Phys., 16, 626 (1944). However, Cl. S. 
Barrett has applied the name “x-ray micrograph” to an entirely different tyjx^ of 
enlarged x-ray image (see p. 482). 
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so that the nickel is clearly differentiated from the copper. LikeM 
the calcium compounds in the bone structure may be made to stand 
in a microradiograph of a microtomic slide. 

The first problem, then, is to obtain a radiograph of a sheet or £ 
of material only a few thousandths of an inch thick, an extremely 
grained film being used. If hard x-rays were used, such as the i 
tinuous x-rays generated at 150 kv., more than 99 per cent would ] 
through the sheet, so that even if it consisted of metallic powder susper 
in gelatine the resulting radiogTaph would not show much contrast. '' 
explains why the early efforts in this field favored the use of the 
continuous x-radiation generated at low voltages. * These early effon 
use x-rays generated at 5 or 10 kv. were limited because the rays wei 
soft that their absorption in the air made it necessary to use vaci 
cameras and the samples had to be impractically thin. The “gre 
rays gave beautiful radiographs of insect’s wings, flower petals, etc.,^ 
they were too soft for the thinnest practical metal samples. 

In 1939, Dershem^ pointed out that characteristic x-ray spe 
might be superior to the continuous spectrum for this type of work 
a monochromatic x-ray beam could be chosen in such a way that its v 
length would be just less than the K absorption edge of some chen 
element in the object. For example, he used the K lines of scandiui 
radiograph the leg boners of a I’at because the bones contained calc: 
which has its K absorption edge at 3.0() A. and the K„ lines of scanc 
have a wave length just below this, at 3.02 A. 

Instead of building a special tube with a scandium target, Derg 
used a vacuum camei‘a in which was placed a ]>iece of scandium, an 
K spectrum was excited’* by irradiating it with rays from a tube opers 
at 40 kv. and 10 ma. A satisfactory i*adiograph was obtained in 40 
For radiographing the wings of a grasshopper, he found scandiun 
radiation too hard, magnesium K„ radiation (9.8() A.) too soft, 
sulfur radiation (5.3() A.) correct. 

In the same year, Cdark published the first account of his experimi 
using the radiation from molybdenum and later from cobalt, co] 
and iron to radiogi’aijh thin metal specimens on fine-gi*ained film 
subsequent enlargement to 100 diameters or moi’e. This work by C 
and his co workers has opened up the new held known as '‘micror; 
graphy.” The following table of linear absorption coefficients is 

^ Sec, for example, G'en. Elec. Rev.j 41, 337 (1938). 

^ E. Dershom, J . Optical Soc. Am., 29, 41 (1939). 

® Fluorescence x-radiation; see p. 76. 

G. L. Clark, Photo Tech., December, 1939; G. L. Clark and W. M. Shafer, i 
Am. Soc. Metals, 13, 732 (1941); G. E. Clark and S. T. Gross, Irid. Eng. C 
Anal. Ed., 14, 676 (1942). 



290 


X-RAYS IN PRACTICE 


[Chap. 13 


one of their papers. It lists the x-ray absorption coefficient of the K 
radiation from copper, iron, and molybdenum in various commercially 
important metals. 

Table 13-1.* — ^Linear Absorption Coefficients of K Radiation from Coppkh, 

Iron, and Molybdenum in Various Metals 


Copper 

Iron 

Molybdenum 

Be 

2.96 

Be 

5.64 

Be 

0.68 

Mg 

71.4 

Mg 

135. 

Mg 

7.53 

A1 

^ 132. 

A1 

252. 

A1 

14.1 

Si 

’ 144. 

Si 

266. 

Si 

15.2 

S 

182. 

S 

346. 

S 

19.8 

Ag 

228. 

Fe 

560. 

Ti 

109. 

Zn 

418. 

Zn 

785. 

Mo 

203. 

Ni 

427. 

Ni 

797. 

Cr 

221. 

Cu 

454. 

Cu 

868. 

Sn 

248. 

Ti 

958. 

Ti 

1,777. 

Ag 

289. 

Cr 

1,659. 

Cr 

2,460. 

Fe 

303. 

Sn 

1,798. 

V 

2,612. 

Co 

383. 

Mn 2,124. 

Sn 

3,422. 

Zn 

421. 

Fe 

2,578. 

Ag 

4,253. 

Ni 

427. 

Pb 

2,609. 

Pb 

4,854. 

Cu 

455 . 

Co 

3,186. 

W 

5,790. 

Pb 

1,537. 

w 

3,397. 



W 

2,007. 


♦By G. L. Clark and S. T. Gross. Reprinted by permission of the American Chemical Society. 

The table indicates that nickel might be differentiated from iron in a 

nickel steel by copper radiation, but not 
easily with iron or molybdenum radiation, 
whereas chromium and iron in stainless 
steel, for example, would be more easily 
differentiated with iron radiation than 
with copper or molybdenum. Clark ^ rec- 
ommends 0.003 in. as a satisfactory thick- 
ness for steel samples, 0.005 in. for copper 
alloys, and up to 0.010 in. for mag- 
nesium. The sample may be reduced 
to the desired thickness by grinding 
(slowly enough to avoid overheating and 
change of structure), or etching, or both, 
and the specimen should be given a final polish with 2 (0) emery paper 
moistened with oil, Clark says. 

A commercial diffraction tube (see Sec. 7-3) is suitable as a source of 
radiation. The target-to-film distance should be about 5 or 6 in., and 
exposure time varies from as low as a few minutes with magnesium to 

^ See, for example, S. T. Gross and G. L. Clark, Iron Age, 162, 44 (July 22, 1943). 



Fig. 13-1. — Microradiographic 
camera designed for insertion in 
collimating system of commercial 
x-ray diffraction equipment- 1 , 
fine-grained film. 2, specimen. 3, 
black paper, or Wratten filter 
No. 87. {By G. i. Clark and S. T. 
Gross; reprinted hy permission of 
The American Chemical Society J) 
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several hours for some of the more opaque metals and alloys. Figure 
13-1 illustrates one type of camera used by Clark. ^ It is designed to fit 
in the collimating tube of an ordinary x-ray diffraction camera. The 
sample must be against the film or plate for good definition in the micro- 
radiograph. When glass plates are used, they are cut in pieces small 
enough to go in the camera, and a piece is wrapped in black paper, 
which also encloses the sample in intimate contact with the emulsion. 



A B 

Fig. 13-2. — Microradiographs (negative prints) of one area of bronze 0.0036 in. thick. 
A, with characteristic inolybdennm radiation. B, with characteristic copper radiation. 
Lead ligi>t in A. Lead and tin light in B. Magnification, 90 times. (.By Q. L. Clark and 
S. T . CiToss; reproduced hy permission of The, American Chemical Society.') 

Clark has published sevei'al microradiographs in the articles already 
referr ed to, which are noteworthy advances over comparable photomicro- 
graphs. Figin-e 13-2 is a reproduction of two of his microradiographs, 
whi(^h illustrate the value of this technique in the study of segregation in 
alhrys. Note how the tin may be made to appear either light or dark at 
will by the proper choi(;e of x-radiation. 

“^rhe experiments of AVoods and Cetrone^ led them to recommend the 
use of 12-kv. continuous radiation for the microradiography of aluminum 


spot w(‘l(ls, etc^. This might suggest that Clark and his coworkers had 
ovenMuphasized the role of the charac.teristic radiation in the microradiog- 
ra])hy of metals and that the earlier techniques using low-voltage con- 
tinuous radiation were, after all, almost as satisfactory. In a more 
r(M*ent a.rticle describing further work along this line, Maddigan'^ con- 
clud(^s that the selection of a suitable characteristic radiation for the 


detection of regions of secondary phases in alloys, etc., is desirable, as 


1 ,S(H! also (J. L. (Uurk aiul H.. VV. liylcr, Rev. Sci. Instruments, 14, 277 (1943). 
lilnok papesr is c^liarjuiti^riziMi hy inhomogoneitios that are sometimes trouble- 
soiiK*. For t.his ri^asoii, a wiiulow of an opaepie gelatine such as W^ratten filter No. 87 


limy b(i pn^forn.blo to blii<*k papCM*, 

It. (1. Woods and V. Ck (kitrone, Iron Age, 161 (12), 52 (Mar. 25, 1943). 

S. F. Maddigan, J. Applied Phys., 16, 43 (1944); see also D. M. McCutcheon, 
“A.S.T.M. Symposium on Itadiography, 1943,” p. 89. 
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found by Clark and his coworkers, but that due consideration should also 
be given to the continuous radiation. 

As a general rule, based on consideration of equations (2-5), (3-10), 
and (4-3), Maddigan suggests that the tube voltage should be roughly 
three times the K excitation potential for its target, although individual 
cases will call for variations from this rule. He also recommends the 
usual metallographic procedure of mounting specimens in Bakelite mold- 
ings to finish one surface, followed by reverse mounting to finish the second 
surface, the final thickness usually being less than 0.005 in. for best results. 

Microradiography is a new method of investigation that is still in its 
infancy, with a promising future. 

4. Radiography of Paintings and Documents. Radiography haw 
proved to be a valuable aid in the examination of paintings, checks, 
deeds, letters, and other documents. A good radiograph often reveals 
alterations and supplies information helpful in deciphering the nature of 
the original. In this way, paintings may sometimes be proved to be 
authentic or fraudulent, and fraudulent alterations of legal documents are 
sometimes revealed and frustrated. Infrared and ultraviolet photog- 
raphy are also used in a similar way. 

An interesting example of radiography of this type is described in an 
article by Barrell,’- in which he presents radiographic evidence from old 
paintings tending to show that William Shakespeare was the pen name 
of Edward De Vere, seventeenth Earl of Oxford and Lord Chambei’lain 
of England, and that Willm Shakspere of Stratford-on-Avon was a 
butcher’s apprentice, malt dealer, moneylender, and land speculator wlio 
had no unusual literary ability. 

In radiography of this type, soft rays are used. Grenz rays in a 
vacuum camera may be best to try first in radiographing paper docu- 
ments 2 . With paintings, where a vacuum camera is impractical, the 
softest rays that will penetrate the air may be employed; for example, the 
K radiation from a chromium, iron, or copper target. It may be possible 
to find some chemical element that is abundant in the paint and then use 
characteristic radiation having a wave length slightly less than the K 
absorption limit of this element. 

5. Coloration of Glass and Crystals by X-rays. Soon after the dis- 
covery of x-rays, it was noticed® that glass exposed to them slowly became 
colored brown. Glass x-ray tubes acquire a brown color that becomes 
darker with continued use. Some special glasses become purple, yellow, 
etc., depending upon their chemical composition. Holzknecht^ notic;e<l 

^ C. W. Barrel!, Sci. American, 162, 5, 264 (1940). 

2 H. S. Tasker and S. W. Towers have used secondary beta rays (p. 76) success - 
fully in radiographing paper. See Nature, 166, 50 (1946). 

“ P. Villard, Compt. rend., 129, 882 (July-December, 1899). 

^ G. Hotzknecht, Verhandl. dent, physik. Ges., 4, 25 (1902). 
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in 1902 that certain chemicals undergo similar coloration upo: 
x-ray exposure. Investigation of this phenomenon has oi 
attention of various workers. Bayley,^ for example, found 
RbF, CaFa, CsCl, RbCl, KCl, NaCl, LiCl, AgCl, BaCl, BeCl, C 

CsBr, RbBr, KBr, KI, Nal, Cdl, Hgl, and KsSiOs were colored, wh^ 

KF, NaF, LiF, NaBr, Rbl, ZnCU, and NH4CI were not colored, in 5 hr. of 
intense exposure. IVlost of these colored materials lose their color or 
fade logarithmically when exposed to daylight. 

Some glass colored by x-rays retains its color permanently. Rein- 
hard and Schreiner^ report that bismuth glass colors yellow with x-ray 
exposure and that the color can be removed only by heating the glass 
nearly to the melting point. The brown color of window glass colored 
by x-rays, however, fades logarithmically in a few hours, according to 
Kersten and Dwight.^ 

Kronhaus'^ reports that the x-ray coloration of semiconducting crys- 
tals of SiC, SbsS, and PbS is accompanied by a change in their electrical 
resistances. Podasevskij^ observed a 143 per cent increase in the tensile 
strength of rocksalt crystals upon coloration with x-rays. The oscilla- 
tion rates of piezoelectric quartz crystals can be reduced as much as three 
kilocycles by ii-radiation when the frequency is several megacycles, 
according to C. Frondel.® Baking at 175° C. restores the original frequency. 
The fundamental nature of x-ray coloration is not well understood, 
although some quantitative measurements of the coloring rate have beer 

made by Nurnberger and Livingston.^ 

6. Effects of X-rays on Liquids. When x-rays pass through water 
hydrogen is liberated, but this is not true for ice, according to Giinthei 
and TIolzapfel. » When x-rays pass through a dilute solution of H 2 O 2 , it it 
slowly decomposed, according to den Hoed and Spiers.® This type o 
x-ray-induced chemical change, like the generation of ozone from oxygei 
|jy x-i'ays, is probably due to the photoelectric action of the rays. 

A peculiar effect of x-rays on colloidal suspensions has been reportec 
by Ch-owtlier, I.eibmann, Lane, and Jones.'® They have observed tha • •* 

• P. L. Bayloy, Phys. Rev., 24, 495 (1924). 

® M. C. Rcinharcl and li. F. Schreiner, J. Phys. Chem., 32, 1886 (1928). 

» H. Kersten and C. H. DwiKht, J. Chem. Phys., 1, 627 (1933). 

4 A. Kronhaus, J. Tech. Phys. {U.S.S.R.), 9, 202 (1939); see also S. Shimizi 
‘Anniversary Volume to K. Honda, Sendai, Japan (1936), pp. 113—128. 

•* M. Podast^vskij , C-ompt. rend. acud. set. ZJ .S.S.R., 3, 71 (1935). 

8 Science News LetLer, 47, 242 (1945) ; also Electronics, 17, 227, (December, 1944 

^ C. E. Nurnberger and It. bivingston, J. Phys. Chem., 41, 691 (1937). 

8 P. Gunther and L. Holzapfel, Z. physik. Chem., Abt. B., 44, 374 (1939). 

0 D. den Hood and C. W. F. Spiers, Z. physik. Chem.., Abt. A., 6, 412 (1935). 

•8J. A. Crowther, H. Leibmann, T. B. Lane, and R. Jones, Phil. Mag., 24, 6.^ 

(1937), 28, 64 (1939). 
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the electrophoretic mobility of colloidal suspensions of gold, quartz, or 
carbon (Aquadag) undergoes a rhythmical variation when irradiated 
with x-rays. For example, one Aquadag suspension showed an increase 
of about 12 per cent in the mobility after a dose of about 25 r., then 
regained its original mobility after a dose of about 50 r., then showed 
a decrease of about 5 per cent after 75 r., back to normal at 100 r., fol- 
lowed by successive maxima and minima like the displacement of a 
pendulum from its mid-position. Similar effects were observed earlier 
with ferric hydroxide suspensions.^ The explanation of this peculiar 
behavior is not known. 

7. Induced Mutation in Plants and Animals by X-rays and Gamma 
Rays. Before 1927, plant and animal breeders trying to develop improved 
breeds or specialized strains could make only recombinations of the 
existing breeds, supplemented on rare occasions by mutational variations 
that occur naturally but infrequently. The geneticists were hampered 
in their studies of these mutations and of the genes in which they occur 
because of the extreme slowness of the natural rate of mutation. Biolo- 
gists desired some method of control over the hereditary changes within 
the genes. 

The only method now known was discovered in 1927, when Muller^ 
published the results of his extensive experiments along this line. He 
worked with the zoologist's favorite subject (Chap. 11), the fruit fly 
Drosophila melanogaster. He stated that 

It has been found quite conclusively that treatment of the sperm with rela- 
tively heavy doses of x-rays induces the occurrence of true “gene mutations” 
in a high proportion of the treated germ cells. . . . The mutants obtained in this 
way are stable in their inheritance, and most of them behave in the manner 
typical of the Mendelian chromosomal mutant genes found in organisms generally. 
. . . The effects of application of x-rays to Drosophila melanogaster are truly 
mutational and not to be confused with the well known effects of x-rays upon the 
distribution of the chromatin, expressed by non-disjunction, non-inherited cross- 
over modifications, etc. 

To complement Muller^s work in the animal kingdom, Stadler was 
independently working along the same lines in the plant world. He found 
that x-rays and gamma rays would induce mutations in barley® and 
maize.^ He found that for barley, “heavy” irradiation (5 ma., 78 kv.p., 
2'f- min., at 22.7 cm. distance, repeated once an hour for 12 exposures, 
or 5 ma., 54 kv.p., 5-2^ min., at 22.7 cm., repeated once an hour for 12 
exposures) was about six times as effective as “light” irradiation (same 

^ J. A. Crowther, H. Leibmann, and C. C. Mill, Brit. J. Radiol., 9, 631 (1936). 

“ H. J. Muller, Science, 66, 84 (1927). 

® L. J. Stadler, Science, 68, 186 (1928). 

* L. J. Stadler, Proc. Natl. Acad. Sci., 14, 69 (1928). 
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as heavy except that target-to-barley distance was 45.4 cm.). His 
results are summarized in Table 13-2. He found that if he soaked the 

Table 13-2.* — Induced Mutations in Barley 

Number segregating 
mutant seedling 
characters 


6 
1 

6 

J. 

14 
3 
0 

'* From Stadler. 

seeds for 7 hr. in a mole solution of Ba(N 03 ) 2 , Pb(N 03 ) 2 , or XJ 02 (N 03)2 
to increase their absorption coefficient for the x-rays the number of 
mutations was about doubled for a given x-ray dose. 




J'i<{. - Double paper-white narcissus (right) giown from x-rayed bulb. A few hundred 

r units sufTico to produce effects of this sort. (^Oouftesy of Dv . C. P . Haskins.^ 

Subsetpient investigations along these lines have been numerous and 
fruitful. For a summary and extensive bibliography up to 1936, th€ 
reader is rc^forred to Chaps. X.XVII, XXIX, XXX, XXXVI, XXXVIII 
XXXIX, XJ., Xld, Xldl, and XLIII in the book by Duggar and others. 

In gtuieral, these mutations may be induced in either plants oi 

1 ]i. M. Duggar, “Biological Effects of Radiation,” McGraw-Hill Book Company 
Inc., Now York, 1936. See also L. R. Maxwell and S. B. Hendricks, J. Applies 
Phys., 9, 237 (1938); P. C. Kollcr, Nature, 166, 778 (1945). 




Total head 
progenies 
examined 


78 kv.: 

Heavy 210 

Light 259 

54 kv. : 

Heavy 494 

Light 280 


Total x-rayed 1 , 243 

Radium treated 1 , 039 

Untreated 1,341 
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animals by rays ranging from grenz rays generated at 10 kv. or less up 
to x-rays generated at a million volts or more and by gamma rays. 
Figure 13-3 is an interesting example. A typical ^‘dose” is one admin- 
istered at 50 kv., 6 ma., without any filter at 30 cm., lasting from 10 min. 
to an hour or more. For Drosophila, the doses range from 2,000 to 
4,000 r. For some plants, such as Antirrhinum, 400 r. is more effective 
than 3,000 r. For Nicotiana tabacum var. purpurea, mutations can be 
induced by irradiating the embryo-sac mother cells, the zygote, the 
mature pollen, the seeds, or the seedlings. 

8. Instantaneous Radiography. Reference has already been made 
(page 107 and Fig. 7-1) to the x-ray tubes developed for taking radio- 
graphs of bullets penetrating wood planks, etc., the exposure requiring 
only about 1 microsec. This was accomplished by Slack and Ehrke 
in 1941 by charging condensers of about 0.02 /if capacity to a voltage 
of 100 kv. The condensers were then discharged at the desired instant 
through the x-ray tube, the current being roughly 2,000 amp. The 
cathode is designed for “field emission. The discharge is initiated by 
a third auxiliary electrode close to the cathode that first assumes the 
potential of the anode, being connected to the latter through a high 
resistance. When the discharge starts, this auxiliary electrode imme- 
diately assumes the potential of the cathode, because of the high resist- 
ance, and the main discharge occurs between anode and cathode. 

Since 1941 (see Fig. 7-1), this technique has been developed to a 
point where a potential of 300 kv. has been attained by a Marx type 
of surge generator. A pulse from an induction coil breaks down a spark 
gap to initiate the discharge. Successful radiographs have been taken 
of bullets passing through gun barrels and striking armor plate. This 
greatly increa^efe the possible fields of application of this technique. 
Hitherto, the .ni^thhd^^.,^ limited to the radiography of comparatively 
transparent o^d^s like wooden planks. Now it appears that it may 
be practical to obtain radiographs of fast-moving processes in the interior 
of objects almost as readily as such objects can be radiographed when 
no motion is involved. The chief drawback is likely to be the size of 
the focal spot in such an x-ray tube. Slack and Ehrke- used a spot 
about 2 cm. in diameter to absorb the enormous power (approaching 
1 million horsepower) ; it is remarkable that energy can be absorbed at 
such a prodigious rate by a spot this small. According to latest informa- 

^ For a definition and explanation of the term “field emission,” see any good l)ook 
on conduction of electricity through gases or an elementary book on electronics, like 

D. G. Fink, “Engineering Electronics,” (McGraw-Hill Book Company, Inc., New 
York, 1938). 

2 c. M. Slack and L. F. Ehrke, J. Applied Phys., 12, 165 (1941); C. M. Slack, 

E. R.. Thilo, and C. T. Zavalles, Electronic Ind., 3, 104 (November, 1944). 
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tion, the focal-spot diameter has now been reduced to less than 
The anode is a tungsten button. 

9. Measurement of Wall Thickness. Moyer ^ has developed ar 
method of measuring the wall thickness of hollow steel airplane pr< 
blades. This method is applicable to other industrial problem 
similar nature. According to Moyer’s technique, a 7- by 8i-in 
of fine-grained nonscreen film in a cardboard holder is held agaii 
inner surface of the blade wall by means of an air-filled bladder. Th 
90 in. away, is operated at 130 kv., the exposure being 1,350 n 
The density of the film after exposure and development is measure 
a microphotometer and compared with that of calibration films e 
through steel sheets or penetrameters of known thicknesses, 
way, the wall thickness can be determined with a maximum e 
about 4 per cent without damaging the propeller blade. 

By using a fluorescent screen and photomultiplier tube to meas 
intensity of the transmitted beam, as explained in Sec. 2, x-raj; 
been employed to measure the thickness of white-hot sheet steel ] 
20 miles/hr. through the rolls of a rolling mill.^ 

It is also possible, with a Geiger counter or similar device,® 
and accurately to measure the thickness of a wall from one sic’ 
when the other side is inaccessible, by irradiating the wall with 
rays from radium and measuring the intensity of the radiation sc 
by the walls. The device used for this work is called the '‘Per 

10. Duplicating Templates. A recent important industria 
cation of x-ray fluorescencie is a process for dupliciating templates: 
lofting departments of factories. The original metal template 
is sprayed with Eastman Kodak liuoresceiit lacquer (Spec: 
20,540). The dry surface is then scribed liy the loftsman v 
desired design. He may use a scribing tool, pencil, or pen and in! 
proper type of photographic- film (Kastman matte transfer film) 
adhered to the wood, glass, or metal surfacse to which the desi 
be transferred, by means of a laminating machine, after which it 
for 15 min. or more, d'his film-covered surface is then presse- 
against the fiuoresccnt-coatcd template and exposed 3 to 5 min. t< 
The tube is made to sweeo the surfaces by traversing it laterally 

^ H. P. Moyor, Aviation^ March, 1944, p. 147. 

^Science News Letter, Apr. 29, 1944, p. 271); J. Applied Phys., 16, 

Gen. Elec. Rev., 46, .59 (1943). 

® D. (J. C. Hare, U.S. patent reissue 22, 531 (Aug. 22, 1944); Electron 
101 (August, 1945); Electronics, 18, 154 (August, 1945). 

This method was dovelopcHl by P. (1. Fihnor and the General Motors Cc 
Photographic DepartuKint, tlie ba.stinan Kodak Co., and the “North Ame: 
ation Lofting and Photograpliie Departnionts. Sec Automotive and Avio 
86, 45 (May 15, 1942). 
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surface may be curved to a radius of 10 or 15 ft., and the x-ray tube, 
mounted at the center of this circular arc, sweeps the surface by a slow 
rotation. The fluorescent lacquer fluoresces everywhere except where 
the surface has been scribed and exposes the film like any x-ray intensify- 
ing screen. The negative, still adhering to the surface, is then developed, 
after which it is ready to be cut and trimmed. A second transfer is 
required if a negative in mirrored image form is unsuitable, which is 
true for only about half of the templates. 

QUESTIONS AND PROBLEMS 

1. What are the limitations of industrial fluoroscopy as compared with radiog- 
raphy? What are its advantages over radiography? Mention some common 
industrial applications of fluoroscopy. 

2. How may an ionization chamber be used to accomplish automatic x-ray inspec- 
tion and rejection in certain special cases? 

3. In what way is microradiography an advance over photomicrography? How 
does one proceed to detect segregation in an alloy by microradiography? How does 
one select the best type of x-radiation to use for a particular job? What type of 
film or plates is required? Can you say anything about the exposure time required? 
If one desires to use scandium Ka radiation in this type of work, is it necessary to 
have a special tube with a scandium target? 

4. How may x-rays sometimes be of value in examining altered or otherwise 
doubtful paintings or documents? Can you make any suggestions regarding the 
technique? 

6. Is an x-ray exposure of 15 min. likely to color ordinary glass appreciably? 
Do all glasses color in the same way upon prolonged exposure? Is the coloration 
always permanent? Are all alkali halides colored by prolonged x-ray exposure? Is 
there ever any other observable change in the physical properties of materials accom- 
panying their coloration by x-rays? 

6. Does the electrophoretic mobility of certain colloidal suspensions increase or 
decrease with the x-ray dosage? Would a dose of 25 r. be sufficient to produce a 
noticeable change, in some cases? How can templates be duplicated by means of 
x-rays? What is the “Penetron”? 

7. If you wished to produce mutational effects upon plants by the x-irradiation 
of the seeds or bulbs, for example, suggest the tube voltage, current, distan(!e, and 
time that you might use for a first attempt. Are the mutants obtained as a result 
of such treatment different in any essential way from the rarer mutants that occur 
naturally? Does the possibility of mutation induced by x-rays have any special 
importance to the biological sciences? 

8. What type of equipment is required to radiograph high-speed phenomena like 
the piercing of armor plate by a bullet? Suggest some of the possibilities and limita- 
tions of this type of radiography. 



CHAPTER 14 


CRYSTALLOGRAPHY BEFORE THE DISCOVERY 
OF X-RAY DIFFRACTION 

1. Why Study Crystallography? Its Modern Ramifications ar 
Practical Importance. It has already been related in Sec. 6-3 how Com 
ton and Doan for the first time, ^ in 1925, succeeded in diffracting x-rays I 
means of a ruled grating, at grazing incidence. Thirteen years earlh 
however, Friedrich, Ejiipping, and Laue had discovered*'^ that a beam 
x-rays could be made to yield a diffraction pattern by passing it throui 
a crystal. Their first pattern was from a crystal of blue vitriol (copp 
sulfate). They attempted this because earlier experiments by Waite 
Pohl, Sommerfeld, and Koch* indicated that x-rays must have a wa 
length of the order of 0.1 A., whereas crystallographers like Bi-avals'^ hj 
concluded as early as 1848 that the atoms of a crystal were arranged 
the points of a geometrical space-lattice. From the geometry of t 
crystal, its molecular weight, density, and number of molecules p 
gram molecule, the distance between neighboring atoms in such a latti 
was calculated to be of the order of 1 A.* Laue, Sommerfeld, and othe 
discussing a paper by P. P. Ewald on the transmission of light throu 
a crystal, concluded that x-rays should exhibit interference effects wh 
they encounter the atomic space-lattice which Bravais and others h 
assumed to exist in a crystal. Consequently, two of their coworke 
Friedrich and Knipping, undertook their successful experiments to obser 
the phenomenon. 

Not only did this reveal a powerful new method for investigations ir 
the nature of x-rays, but also it soon was recognized as a means of inves 
gating the molecular and atomic structure of solids that is still super: 
to any other known method. By its aid, the arrangement of the atoi 
in such “simple” solids as copper or salt (sodium chloride) has be 

1 A. IT, Coinptoii Jincl H. Ij. Doaii, Proc. NalL Acad. Sci., 11, 598 (1925). 

“ W. Friodricli, P. Ktiipping, and M. Lauo, Ann. Physik, 41, 971 (1913), roprin 
from an earlier publication in 1912. 

3 B. Walter and 11. Pohl, Ann. Physik, 26, 715 (1908), 29, 331 (1908); A. Somir 
fold, Ann. Physik, 38, 4.73 (1912); P. P, ICoch, Ann. Physik, 38, 507 (1912). 

‘‘ A. Bravais, “ Abhandlung iiber die Systeme von Regelmasisig auf einer Eb 
Oder in liaum vorthoilten Piinkton,” 1848. Translated by C. and E. Blasius. Appe 
as No. 90 of Ostwald’s “Klassikcr dor exakton Wissenschaften,” Wilhelm Engelma 
Leipzig, 1807. 

See Sec. 10. 
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deduced so that their crystal structure is known as accurately as the 
structure of an egg crate or a wire fence might be known to an observer 
using a telescope 100 yd. away. In some extremely complex com- 
pounds such as rubber or some of the proteins, the structure has been 
deduced only in a qualitative or semiquantitative way. X-ray dijBfraction 
also has proved to be a powerful method in metallography (Chap. 20) 
for determining the “grain size'' (crystal size), detecting preferential 
orientation (texture), revealing grain distortion (strain), and correlating 
these three factors with heat-treatment, cold work, drawing, rolling, etc. 
Thus it has contributed greatly to the understanding of the nature of the 
changes occurring to the crystals during such processes. The importance 
of these changes may be emphasized by pointing out that there is as 
much difference between the physical properties of steel before and after 
heat-treatment as there is between lead and tin, for example. The 
recent book by Barrett treats many of the topics discussed in the later 
chapters of this book, and it should serve as a good reference work for the 
reader interested in these topics. 

X-ray diffraction now serves as a convenient and practical method of 
chemical analysis (Chap. 19) superior to any other in certain cases. It 
can also be used as a method of measuring strain (Chap. 21). Its field 
of application extends to liquids and gases (Chap. 22) and to various 
other fields (Chap. 23). 

2. The Crystal Lattice and the Law of Rational Indices. In 1690, 
C. Huygens made some measurements on calcite crystals and theorized 
that they were composed of some basic unit which built up the crystal 
by geometric repetition. In 1784, M. I'Abbd Haiiy of the University of 
Paris published an “Essai d'une thdorie sur la structure des cristaux, " 
which marks the beginning of modern crystallography. Most of the 
early theory of crystals was based on the phenomenon of cleavage. The 
fact that common crystals like mica, calcite, and rocksalt can be split 
into pieces and that the pieces of any one such substance always have the 
same shape naturally suggests the idea of some minute fundamental 
building block characteristic of the particular substance. By building 
a structure composed of such identical cells arranged in rows and layers, 
and always with the same orientation, a crystal with “cleavage planes" 
like those observed in actual crystals should result. 

Haiiy suggested that three nonparallel faces of a crystal be selected 
and that their intersections define a set of geometrical axes suitable 
for use in describing the crystal. In Fig. 14-1, these axes are repre- 
sented as OA, OB, and OC, the three nonparallel planes being AO 13, 
AOC, and BOC. Haiiy then chose a fourth face that cuts all three of 

^ C. S. Barrett, “Structure of Metals,” McGraw-Hill Book Company, Inc., New 
York, 1943. 
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these axes, its plane being represented in Fig. 14-1 by ABC, Let OA — a', 
OJ5 = 6', and OC — c' . Then as an example, it may be found that 
a' = 17.3, h' = 25.7, and c' = 14.4 mm., in., or lignes, it makes no differ- 
ence; the angles in the figure will remain 
the same regardless of the units of length 
used. Since only relative lengths are sig- 
nificant, it simplifies matters somewhat 
to set 6' = 1 arbitrarily. In the above 
example, one then has a' = 17.3/25.7 = 

0.673; 6' = 1, and c' = 14.4/25.7 = 

0.561. 

Ilaiiy then found that all faces of ac- 
tual crystals are always parallel to planes 
having intercepts a'/h\ b'/k', and c'/l' 
on the three axes, where h' , k\ and I' are 
small integers. This is known as the 
‘Taw of rational indices,” one of the 
fundamental laws of crystallography, 
pointed out that this law and other facts about crystallogi-aphy could 
be explained by assuming that crystals^ are built up by elementaiy 
particles arranged at the points of a “space-lattice.” Prominent 



Fig. 14-1. — The cryatallographic axes 
and the law of rational indices. 


Subsequently, other workers 


C 



among these woi'kers about 1850 was Hravais. Figuie 14-2 iUus- 
trates a i)oint spac.e-lattice. It is a geometrically arrayed set of points, 
represented in the figure by dots. The network of straight lines that 
connect the points of the point lattice constitute a line space-lattice, 
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constructed to conform to the axes OA, OB, and OC, Both the line 
lattice and the point lattice may be imagined to extend indefinitely in 
all three directions. The point lattice of Fig. 14-2 is not necessarily 
associated with any particular line lattice. The same point lattice is 
shown in Fig. 14-3 associated with a different line lattice constructed 
on the axes OA', OB', and OC . 

If one now imagines an atom or group of atoms placed at each point 
of such a point lattice, the composition and orientation of each group 
being identical with that of all the others, the resulting structure is called 
a “crystal lattice.” By extending it indefinitely in all directions, a crystal 
is built up. These ideas regarding the structure of crystals were well 



Fig. 14-4. — Lattice planes. 


established befoi-e the discovery of x- 
rays or x-ray diffraction. 

Reference to Fig. 14-4 shows how 
such a theory accounts for the law of 
rational indices. The crystal axes 
OA, OB, and OC of Fig. 14-1 coincide 
with rows of identical atoms located 
at xtu, xmnop, and xqrs. The planes 
OAB, OAC, and OBC are seen to be 
planes of atoms, and the faces that 
naturally develop on the surface of 
crystals coincide with such atomic 


planes. Likewise, ABC is a “rational” atomic plane containing the 
atoms or atomic groups located at p, s, and u on the axes. In fact, 
the whole crystal may be thought of as being built up of a system of 
atomic planes parallel to ABC (see Fig. 14-5). The plane indicated by 
the dotted lines, including the atoms at t and n, is one of these. Other 


atomic planes parallel to ABC , but not shown in the figure, are one pass- 
ing through m, one through q, one through r, one through o, one through 
atom X at the origin O, and several others between O and ABC, defined by 
atoms not shown in the figure because they do not lie on the axes OA , 
OB, or OC. If a complete three-dimensional model of the lattice wei-o 
examined, it would be found that there are 12 equally spaced parallel 
atomic planes between the origin and ABC, counting ABC itself. Simi- 
lar planes parallel to ABC extending in both directions beyond these 12 
would include all the atoms in the crystal, and these planes all contain 
the same number of atoms per unit area. The number 12 is obtained by 
multiplying 2 (A is 2 atoms from O) by 4 (B is 4 atoms from 0) by 3 (C is 
3 atoms from 0) and dividing by any common integral factor other than 
1 (2 is a factor of both 2 and 4, among the numbers 2, 4, and 3). In 
general, the number N of such planes between a rational plane like ABC 
( rational ' because it intersects all three axes at a lattice point) and. the 
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origin is given by 


ABC 

rst 


(14-1) 


where A is the number of lattice intervals from O to A ; J5 is the number 
of intervals from O to jB ; C is the number of intervals from O to C ; r is 
the highest common integral factor of B and C ; s is the highest common 
integral factor of A and C ; and t is the highest common integral factor 
of A and B. 



Fuj. 14-/3. — A. space-lattiro may be rofiardcd as composed ontii'oly of any single chosen se 

of rational planes — in this case, the (111) set. 

In a similar way, a set of planes can be selected parallel to the rations 
plane through the points u, n, and q, for example. If tiie intercepts of th 
plane ABC are a', h' , and c' , then the intercepts of the new plane throug 
u, n, and q Avill be a', b'/2, and cV3, where a', h', and c' are measured i: 
angstroms, let us say. That is, the intoi’cepts of any rational atomi 
plane (associated with an extended set of parallel atomic planes) will b 
given by a'/h', h' /k', and c' /V , where /?/, k' , and I' are small integers (1, i 
and 3 in this case) . Hence, if the faces that naturally develop on a cry? 
tal coincide with rational planes of atoms in the crystal lattice, it is evider 
that they must be oriented in accordancie with the law of rational indicei 

3. Miller Indices. Thus far, all distances and intercepts have bee 
thought of in terms of ordinary units of length, such as inches, angstroi 
units, or millimeters. In the discussion of rational atomic planes such i 
ABC in Fig. 14-4, it will often be more convenient to express the intercepi 
in terms of the number of lattice-point intervals along the axis. That i 
if the distance between points x and tj t and u, etc., is designated as a an 
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the distance between x and m, m and n, n and o, etc., is designated as b, 
and the distance between x and q, q and r, r and s, etc., is designated as 
c, then the intercepts of the plane ABC are 2a, 4b, and 3c, respectively. 
In general, of course, a, h, and c are not equal. To abbreviate matters 
further, one may say that the intercepts of the plane ABC are 2, 4, and 
3, it being understood that the A intercept is always given first, the B 
intercept second, and the C intercept last and that the A intercept is 
measured, not in centimeters, but in units of length equal to a, the B 
intercept in units of length equal to b, and the C intercept in units of 
length equal to c. Henceforth, whenever intercepts are mentioned or 
designated merely by a whole number, it is to be understood that the 
meaning is the one just given. 

The need for some convenient and conventional way of designating 
the naturally occurring faces of a crystal and the atomic planes with which 
they are associated is obvious. The designation now universally used 
is the one evolved by the English crystallographer and mineralogist W. H. 
Miller (1801-1880). The planes are designated by three numbers, called 
“Miller indices.’^ These numbers, or indices, are the lowest three inte- 
gers having the same ratios as the reciprocals of the intercepts of the 
plane in question, the intercepts being expressed in the shorthand manner 
just described. For example, the reciprocals of the intercepts of the 
plane ABC in Fig. 14-4 are t, and The lowest three integers 
having the same ratios as t, and are 6, 3, and 4. Hence the 
Miller indices are 6, 3, and 4. They are customarily written in pai'en- 
theses to designate a set of parallel planes, and the plane ABC is referred 
to as a (634) plane. The plane indicated by the dotted lines in Fig. 
14-4 has intercepts 1, 2, and 1^-, the reciprocals being 1, and f, and 
hence it is also a (634) plane. As already mentioned, there are twelve 
(634) planes between ABC and O, counting the one through O. 

The plane passing through u, n, and q (Fig. 14-4) has intercepts 2, 2, 
and 1 and reciprocals •^, and 1 and hence is a (112) plane. The appli- 
cation of equation (14-1) to this plane shows that it is the second (112) 
plane from the origin, since N = 2. Equation (14-1) may be expressed 
in another form, which is often more convenient when Miller indices ai-e 
used. 


N = 


hkl 

^fg 


(14-2) 


where h, k, and I are the Miller indices and e, f, and g are the highest 
common integral factors of k and I, h and I, and h and k, respectively. 

The planes AOB, AOC, and BOC in Fig. 14-4 each have intercepts 
on only one axis, and it is zero. How does one then determine their 
Miller indices? Since parallel lattice planes have the same Miller 
indices, let us determine the indices of a rational plane parallel to plane 
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AOB, for example the plane through q parallel to AOB. Its intercepts 
are infinity, infinity, and 1, commonly written oo, oo, and 1. The 
reciprocals of these are 0, 0, and 1; therefore, AOB is an (001) plane. 
Likewise, AOC is an (010) plane, and BOC is a (100) plane. In speaking 
of these, they are called “oh, oh, one,” “oh, one, oh,” and “one, oh, 
oh” planes. 

When the intercept is negative, the reciprocal is also negative, anc 
ill Uiis case the minus sign is written over the index, as (TOO). However 
a (100) plane is parallel to a (100) plane, the two merely being on oppo 
site sides of the origin, so that botli belong to the same family. Henc< 
the use of negative indices is not usually necessary in discussing simp! 
crystals. In a cubic crystal, there is no particular distinction betweei 
a (100) plane and ai^ (010) plane or an (001) plane or between (111) 
(111), (^11), and (111) (see Fig. 14-52; ^ tetragonal crystal (001 

and (001) are different from (100), (lOO), (010), and (010) because c i 
different from a and b. The (100), 

(010), and (001) planes in a cubic crys- 
tal are said to constitute the {100} 

“form” (note the braces instead of 
l^arent, hoses). 

4. The Seven Crystal Systems and 
the 14 Holohedral Space -lattices. In 
llravais’ work of 1848, he showed that 
there wesro 14 symmetrical ways of 
arranging a point, lattuie in spac;e, which 
in turn might be classified under seven 
general systems of crystal symmetry. 

■^rwo of f,h(^s(^ sevciu crystal systems, the 
hexagonn,! and Ihe rhoml)ohed7’al, are 
interr{4at(Hl in such a way that modern writers often classify the 
t.ogi-llHM*, f hcire being then only six general systems. Referring to Fi 
1 l-(), the s<n’en systems are as follows: 


C 



a, h, c, at, /3, and y. 


M-l. “'’fiiK SiovKN Systicms of CvRYSTAn Symmetry 


a—b=c 
a = h 9 ^ c. 


1 . (’ul>ic or iHoiiud ri(r systnin 

2 . 1 l(‘X!i.g(>nM.l s.vst,<*m, hoxagonaf division 

Ih'xagonjil syst,nin, rhoniholindnil division 

(soiiK^t.iinos the " rlioinholuMlml” or 

" trigoinil " systom) a = b = c 

Sinc,(i « = fi = y, .‘ill jiro soin<ainHis dosig- 

nntc^d hy Mu* single led, tor to 

1 . '’I’ol.rngoinil sysf.eein a = b 9^ c 

... a 9^ b 9^ c 

... a 9^ b 9^ c 


f). OrMiorhoin! )i(^ or rlioinhiee system 


G. Moiux'.linio svsMxn 


'rridiiiie systmn 


a 9 ^ b 9 ^ c 


a 

a 


^ = y ^ 90 ® 

^ = 90° T, = IS 


O' 


= ^ = T 5^ 90' 


rx = ^ = y = 90° 

O' = jS = "Y = 90° 

Q, = .y = 90° /3 

oc 9 ^ P 9 ^ y 
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Table 14-2. — The 14 Symmetrical Space-lattices of Bravais 


1 . 


Face-centered cubic. 


oi 



Body-centered cubic. 


01 


3. 


Simple cubic. 


Oil 


4. 


Body-centered tetragonal. 

2>il 


Fig. 14-7. 


Fig. 14-8. 


Fig. 14-9. 



Fia. 14-10. 



5. 


Tetragonal. 


D 


1 

4A 


Fig. 14-11. 



1 

1 

c\ 

1 



-/ 


6 . 


Rhombohedral. 


D 


6 

3d 


Fig. 14-12. 



7 . 




Fig. 14—13. 
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Table 14-2. — ^Thb 14 Symmetrical Space-lattices op Bbavais. — (Continued) 


8. Face-centered orthorhombic, 
n® or Dll 


Fig. 14-14. 


M 

W 


9. Bodv-centered orthorhombic. 
VV or Dll 


10. Orthorhombic, one face centered, 
or I)}J, 


Fig. 14r*15. 



Fig. 14-16. 



11. Simple orthorhombic. 
Fi or 


Fig. 14-17. 



12. Monoclinic, one face centered. 




Fig. 14-18. 


/ 

/ / ' V 

hw 


13. Simple monoclinic. 

r> I 
'~'2h 


Fig. 14-19. 


/S7 


14. Triolinic. 

C\ or Si 





Fig. 14-20. 
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6. The 32 Point Groups. Subsequent work showed that tliese I I 
lattices of Bravais were only the “holohedral’' types of the seven crystM.! 
systems and that there are in reality 32 classes of crystal syininetry, 
called the 32 “point groups.” A holohedral crystal is one having all 
the faces required by complete symmetry. A more elaborate elassili- 
cation is required in order to include the “hemihedral” crystals ((aystiils 
having half the similar parts of a ci-ystal form instead of all, as a t.xitra- 
hedron, which is hemihedral to an octahedi'on) , the “ tetartohedi'nl ” 
crystals (crystals having one-fourth the number of faces rcniuirctd for 
symmetry), the “ hemimorphic ” varieties (unsymmetrical in form as 
regards the two ends of an axis), and the “enantiomorphu; ” varieti<\s 
(related to each other as a right-handed to a left-handed glove). 

The 32 point groups are as follows : 

Tarlo 14-3. — Tiiifl 32 Point Groups 

ScihooiiflioB 

Symbol 


1. Cubic system, hololuMlriU class Oh 

2. Cubic system, cnautiomorphic bornibedral (^Inss () 

3- Cubic system, hemimorphie heinihc<lral <4!iss 7',/ 

4. Cubic system, paramorphic liomihodral (^lass Ti, 

5. Cubic system, totartohedral class T 

6. Hexagonal system, hexagonal division, hololuMlral class.. I)(,h 

7. Hexagonal system, hexagonal division, enaiitiomorphic 

hemihedral class />,. 

8. Hexagonal system, hexagonal division, hemiin<>rphi<^ 

hemihedral class G,.,. 

9. Hexagonal system, hexagonal division, parainorphici 

hemihedral class C,,,, 

10. Hexagonal system, hexagonal, division, Udartohedral 

class Go 

11. Hexagonal system, Inixagonal division, trigonal holo- 

hedral class 

12. Hexagonal system, hexagonal division, trigonal jxara- 

morphic hemiliedrai class G;,/, 

13. Hexagonal system, rliond>ohedral division, holohedral 

class 

14. Hexagonal sysU^in, rh<)nd)oh<‘dnil dix'isioii, (Miaiilio- 

morphic h<Mnih(‘dra.l <4a.ss . />., 

15. Hexagonal systtmi, rhondxohedra,! division, luMuimorphic 

hemihe<lrfd <4ass G;,,. 

16. Hexagonal system, rhomboluMlral <livision, lu'Xiigoiia.! 

tetartohedral elass of the second .sort ('m ~ Sc, 

17. Hexagonal system, rhomboluKlral division, tetartolu'di :d 

class 

18. Tetragonal system, holohedral class 

19. Tetragonal system, ernmtiomorphic hemihedral class... I),i 

20. Tetragonal system, hemimorphiti hemihedral class G.i„ 

21. Tetragonal system, paramorphic hemihedral class Ctn 
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Table 14-3. — The 32 Point Groups — (Continued) 

Schoenflies 

Symbol 


22. Tetragonal system, hemihedral class of the second sort. . Vd = D->d 

23. Tetragonal system, tetartohedral class C* 

24. Tetragonal system, tetartohedral class of the second sort. Si 

25. Orthorhombic system, holohedral class Vh = D-ik 

26. Orthorhombic system, enantioinorphic hemihedral 

class V — Dz 

27. Orthorhombic system, hcmiinorphic hemihedral class... C^v 

28. Monocliiiic syst(‘m, holohedral class C 2 h 

20. Mouoclini<‘ system, hemimorphic hemihedral class C-i 

30. Monoclinic system, hemihedral class C» 

31. d''riclinic system, holohedral class Ci 

32. Triclinic system, hemihedral class Ci 


6. Crystal Nomenclature and the Schoenflies Notation; the 230 
Space Groups. The names in the preceding table are those used by 
A. Schoenflies in 1891. Other authoritative crystallographers have 
unfortunately used different names. For example, point group 2 (cubic 
system, enantioinorphic hemihedral class, according to Schoenflies) 
was called the ‘‘cubic plagihedral” class by E. S. Dana, the “tesseral 
holoaxial” class by H. A. Miers, the “regular plagihedral hemihedral” 
class by Idebisch, and the “ pentagonalicositetrahedral” class by P. Groth, 
these men being crysl.allographers or mineralogists of recognized authority 
iibout 1900. 

The syml)ols (),,, T, C.,,., D-n,, etc., in Tables 14-2 and 14-3 are the 
notation used by Sidioonirit^s to identify and classify the various types 
of ci-ystals. This notation was one of the earliest invented to represent 
the various (crystal classes. Tlie meanings of the symbols are as follows: 


Cl or Ci, ci<!., r(^p^^scnU groups liuving a single rotation axiss of onefold, fourfold, 
(*tc., .“ymnud ry . 

C„ r(^pr<'.s<n>ts grouj)S luiving a single rotation axis of onefold symmetry and a 
plains of symimitry. 

Cc n'prcscnt.H groups hiiving a Hingk; rotation axis of onefold symmetry and a 
cent(U’ of symineli'y, or ol inver.sion. 

Si, Sn, etc., rcprcHcaits groups having a fourfold or sixfold, etc., axis of rotary 
ndlcct.ion. 

(■■M, for cx:i.mpl<', |•('pr<lscnts groups having a .single rotation axis of threefold 
syninu^try jmkI a. (‘(Mit.(*r (►! inversion. Su<‘.h groups also necessarily liave a sixfold 
axis of rotary ndkfct.ion. Ihauu! ('tu = Sr,. 

IJ>, Di, Dr., etc.., rci)n'S(mt groups h:»,ving a twofold, fourfold, sixfold, etc., prin- 
cupaJ axis and 2, I, (», ct(\, twofold axes at right angles to the principal axis. 

V is .a, spcari.a.l symbol stiUiding for Vicrerynippc (four group) and is ulcntical with 
/)■.. 'Phis is a. sp(*c,ia.l ca..s(^ b(a-a,us(‘, with 3 twofold a,x(is, the preference for one as tlu^ 
main axis no long(“r exists. 

T represetds t et r.aluMlral groups, which hav<j 3 twofold a.nd 4 threefold ax(\s. 
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O represents octahedral groups, which have 3 fourfold, 6 twofold, and 4 threefold 
axes. 

Subscript h indicates a “horizontal” plane of symmetry, that is, one perpendicular 
to the principal axis. For example, C» indicates a single axis of twofold symmetry’, 
but C‘zh indicates a plane of symmetry perpendicular to this axis in addition. 

Subscript v indicates a “vertical” plane of symmetry, that is, one containing the 
principal axis. 

Subscript d indicates a diagonal plane of symmetry. 

Only significant planes of symmetry are indicated. For example, Th 
does not mean that vertical” planes of symmetiy are absent; such 
planes necessarily arise through the cyclic operations of the three twofold 
and four threefold axes combined with the horizontal plane of symmetry. 
CiA is a special case equivalent to Cs because a single plane of symmetry 
can be considered at will as parallel or perpendicular to an optional 
onefold axis of rotation. 

The meanings of such terms as “threefold axis of symmetry,” “center 
of inversion,” “axis of rotary reflection,” and “plane of symmetry” will 
be explained shortly, although they are well named and are therefore 
almost self-explanatory. It will be well first to carry on the businens 
of classifying crystals to its final step. 

Thus far, consideration has been given to ways of grouping only 
points into a symmetrical space-lattice. In an actual crystal, howevei-, 
one is dealing, not with points, but with atoms and especially with 
groups of atoms that are identical with each other, but not necessaidly 
oriented identically in space. When this is considered, the crystal 
classifications are no longer limited to the 32 possible point groups but 
expand to some 65 categories. Even this is not enough. It was found 
that in order to classify all the different crystals found in nature it would 
be necessary to postulate that the groups of atoms located at the lattice 
points may be of two different enantiomorphic types in a single crystiil. 

Enantiomorphic ’ has already been defined. One may easily visualizes 
the possibility of, say, 10 atoms, such as 1 calcium, 1 magnesium, 2 sili- 
cons, and 6 oxygens, grouping themselves into a configuration of a certain 
shape or into one related to this shaj)e as a left-handed glove is related 
to a right-handed glove; such configurations are enantiomorphic. 

When the possibilities of enantiomorphic atomic groups, oriented in 
various systematic ways at the points of the 32 different kinds of possildc 
symmetrical space-lattice are considered, it develops that thei-e are 230 
possible space groups. It was found that all the crystals occurring in 
nature may be classified in these 230 possible groups. 

Schoenflies expanded his notation to include all these by introducing 
superscripts. Thus, in the holohedral class of the orthorhombic system 
(^V h or Dih), there are 28 different possible space groups. Schoenflic.H 
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enumerated these one by one in a way that appeared logical to him. 
The first he called VI or the second, VI or etc., up to Ff or 
D\%. Thus or V}^ represents the fourteenth variety (as classified by 
Schoenflies) of the group of crystals having three mutually perpendicular 
twofold axes and a plane of symmetry coinciding with two of them 
(which automatically establishes symmetry planes coinciding with each 
of the three pairs of axes). 

Other crystallographers have been generally unwilling to accept this 
Schoenflies notation and use it, for there are certain valid objections to it. 
They have invented various “improved” and “less confusing” systems 
to supplant the Schoenflies notation, each much better and less confusing 
than the Schoenflies system, according to its inventor. However, the 
only system that nearly everybody understands is the Schoenflies system.. 
For example, the space group designated as D\\ in the Schoenflies nota- 
tion is designated 4Z)i-13 in the Wyckoff notation and P4:/mhc or C4:/mhc, 
accoiding to the orientation, in the Mauguin notation. 

If a straight line can be drawn through the center of a crystal in such 
a way that a 180° rotation of the crystal about this “axis” leaves it in a 
jiosition indistinguishable from its initial one, it is a twofold axis of 
symmetry. If a 120° rotation does this, the axis is threefold; if 90° 
does it, it is fourfold ; if 60° does it, it is sixfold. Of course, a 360° rota- 
tion must do it; therefore, any line through the center of any crystal is a 
onefold axis of that crystal. 

If a plane can be found, passing through the center of a crystal, such 
that the part of the crystal on one side of the plane is a mirror image or 
refle(dion of the part on the other side, the plane is a plane of symmetry. 

If, for every point in a crystal, there can be found an equivalent point 
siudi that a straight line joining them passes through the center of the 
(irystal and is bisticted by this center point, then this point is a center of 
symmetry, or a center of inversion. 

If a plane can be found, passing through the center of a crystal, such 
that the part of the crystal on one side of the plane may be rotated about 
the a.xis perpcuidicular to the plane and then “reflected” to coincide 
with the part of the crystal on the other side of the plane, the plane is 
a ijlane of rotary reflection, and the axis perpendicular to it is an axis of 
rotary reflection. If the minimum rotation necessary is 60°, it is a 
sixfold axis; if 90°, it is a fourfold axis, etc. 

Thest; operations of rotation, reflection, inversion, and rotary reflec- 
tion arc called “symmetry operations.” Reflection is equivalent to a 
180° rotation of one-half of the crystal, plus an inversion. Symmetry 
operations such as invei’sion or reflection that convert an object into its 
tmantlomorphic counterpart are called “operations of the second kind.” 
Others are “operations of the first kind.” 
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7. The Unit Cell; the Hexagonal Close-packed Structure; Number 
of Units of Structure per Unit Cell. Fortunately, the commonest and 
most plentiful crystals have a high degree of symmetry, such as cubic 
or hexagonal. That is, most crystals have a simple, easily visualized 
structure. In 1897, W. Barlow speculated that a likely arrangement for 
many simple substances such as the chemical elements would be one in 
which the atoms, which he visualized as balls, or spheres, would be 
packed together in a systematic but compact manner. He drew dia- 
grams of two or three likely types of arrangement, or structure. One 
of the most obvious and natural of these is the arrangement known as the 




Fro. 14-21. — Three equal balls in contact. Fio. 14-22. - ITexii^»:<)nal i)iii torn foi'inod 

by la^'or of e<jual balls. 

“hexagonal close-packed” structure; another is the “face-centered 
cubic” structure. 

In Fig. 14-21, three balls x, y, and ^ touch each other. The balls are 
identical, each with a diameter of one arbitrary unit of length. 'Their 
centers define an eqiiilateral triangle XYZ, of which the length of each 
side is 1, also. An extension of this leads immediately to a hexagonal 
pattern in two dimensions, as when seven balls are groui^ed on a table 
top (Fig. 14-22). One may imagine tennis balls laid in a Mat-bottomed 
pan until they cover the bottom of it in a hexagonal pattern of this sort. 
As more balls are added, a second layer is begun, the balls in this hiyer 
naturally occupying the positions shown by the dotted (drcles in Fig. 
14-23. When the third layer of balls is begun, thei'c ai-e two alternatives. 
The balls may be placed at the points indicated by the small circdes in 
Fig. 14-23 (directly over the balls in the bottom layer) or at the ]:)oints 
indicated by the black dots. In the former case, one may continue to 
build up a systematic structure by placing successive layers of balls at 
the circles, then the squares, continuing in a circle-square-circle sequence. 
The resulting arrangement is the hexagonal close-packed structure. If 
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one builds up layers in a circle-square-dot-circle-square-dot sequence, 
the resulting structure is face-centered cubic, ^ which will be discussed in 




14-23. — (a) Plan of two typcH of oIoho packing of spheres: (1) hexagonal, and (2) faee- 
eoutored cubic. (h) Hexagonal close packing in elevation. 


Sec. 9. The lower jiart of Fig. 14-23 illustrates the hexagonal close- 
packed structure in elevation. The upper part (a) showing the structure 
in plan makes it clear that each ball is in contact with the surrounding 

* Instruclivo niodols of these structures are readily constructed. See, for example, 
D. B. Langmuir and R. B. Nelson, Rev. Set. Instru7n.ents, 11, 295 (1940). 
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six balls in its own layer and also with three balls in the layer below and 
three in the layer above, or with twelve in all. 

Examination of Fig. 14-23 a indicates that 

MN = WN = ON = ~ 

V3 

since MO = WO = MW =1. It is seen that MN in the upper diagram, 
(a) is identical with MN in the lower diagram (5), where, in the triangle 
MNK, MK = 1 and MN = l/\/3. Hence 

NK = 's/I — ^ = '\/| = 0.8165 = distance between layers of balls. 

If 0 is chosen as origin and OA, OB, and OC are chosen as the crystal- 
lographic axes, it is seen that OA = a = 1 , OB = 6 = 1, and 

OC = c = 1.633, 

where a, h, and c have the meanings assigned to them in Sec. 3. On this 
basis, it is seen that the coordinates of P, a ball in the second layei’, are 
fa, ■g-6, ^c, or, as it is usually expressed, simply -j, On this basis, the 
“unit cell” of the “crystal lattice” for these balls is delineated by the 
points O, A, X, and B in the bottom layer of balls and the similar points 
C, A', X', and B' directly above them in the third layer. It is easy to 
compute that the volume of this unit cell is '\/2 when a — h = 1, as 
has been assumed. When a 9 ^ 1 , the volume of the cell is •\/2 a 'I The 
“axial ratio” c/a, which is an important factor in lattice calc:ulatioiis, is 
of course 1.633. In figuring axial ratios, 6 is conventionally taken as 
the basis of measurement, the axial ratios being C = c/b and .1 = a/6. 
When a = b, the ratio C is often written as c/a, as in the above case. 

Thus far in the discussion, the origin of coordinates has been taken 
at the center of ball A. Obviously, the origin could have l)een t.aken at 
the center of any other ball without essentially altering the <lisciission. 
In this sense, any unit cell in the whole lattice may be said to have a 
ball at the point 0, 0, 0. In effect, this means that each unit cell has a 
ball located at, say, the bottom southwest corner, bikewise, civery l)all 
in the second layer is located at the point in its (*/(41. l*ja(*li belli 

in the third layer is located at the top northeast (or northwest or soutli- 
east or southwest) corner of the first layer of unit cells, but ea{4i of these 
balls must be logically regarded as associated with the second layer of 
unit cells in the same way that the balls in the first layer were associated 
with the first layer of unit cells. That is, when thinking of unit cells, 
one should visualize each ball in the third layer as attached to tlie 
bottom southwest corner of a unit cell in the second layer of cells, directly 
above the corresponding ball and the corresponding cell in the first layer. 
The balls in the fourth layer of balls are related to the seccjnd layer of 
cells in the same way that the balls in the second layer of balls are related 
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to the first layer of cells. When considered in this way, it becomes evi- 
dent that there are only two balls per unit cell/ their coordinates being 
0, 0, 0 and -f , 

8* Miller-Bravais Indices. In the preceding discussion of tht 
hexagonal close-packed arrangement of spheres, the geometry of tht 
lattice was referred to the axes OA, OB, and OC in Fig. 14-23, whicl 
were selected as convenient. However, the hexagonal symmetry of tht 
structure offers no logical reason why the axes OA and OB should b< 
preferred to the axes OB and Oil/ or OM 

and OA. As Bragg puts it, “ ... to ^ 

choose two (of these three) axes arbi- 
trarily, and name the faces accordingly 
(as (100), (010), etc.) would disguise the 
hexagonal symmetry of the lattice.’’ 

The hexagonal system of crystal struc- 
ture is therefore logically referred to four 
axes {OA, OB, OM, and OC, . Fig. 

14-23) rather than three, as in all 
other crystal systems. This is not 
always done; that is, one will somo 
times find references to the (100) or 
the (010), etc., planes in a hexagonal i'’>» 
crystal, but one will also often find 
these planes designated as (lOU)); (01 10), ot<*,. In tliis latter notatior 
where four indi(^es are given to identify planes in a hexagonal crysta! 
the four numbers are called ‘‘ MilU;r-Bravai.s indic.es.” If the intercept 
of a ciystal face or an atomic plane on the A and B axes of the crysta 
are a/h and a/k (a — h, of course), it can bci shown that the intercep 
on the third {OM, Fig. 14-23) is -a/(/?, 7o). Hence, if the Mille 
indi(^es of a ])lane in a hexagoiuil (;rystal are h, k, and I, the Miller-Bravai 
indi(^os will bo h, k, — {h /<:), and L The minus sign is commonl 
written al)<)ve the index rath<‘r than in fi-ont of it. ''rhe six faces of 
hexagonal prism have the indicHW (1010), (0110), (1100), (1010), (OTlO' 
and (1U)0), as shown in Fig. 14-24. 

9. The Face-centered Cubic Structure- In discussing Fig. 14-23 an 
the hexagonal (4ose-pac.k<id struc.tui-c;, it was state<l that a structure i 
w4iic,h tlie layers of balls were built iij) in a circl(^-S(puire-dot-circl< 
square-dot secpKnu^e is known as the fac^e-cumtered cul)i(! structure 
Using the same at)proach as in S<h;. 7, one might logically conclude thi 



14-21. M illor-Bravaiis indic^es <. 
fiKios of !i hoxai^ottai prism. 


^ This fact is somot/iiiic.s oxprt'ssod l^y tli« .statomont that the lattice is “doub. 
]>riinitiv(\” A primitive lattice: is one Imving only one tran.slation-equivalent un 
or group of units per unit c.oll. A triply priiuitivo lattice has three groups per un 
cell, a qua, (Imply primitive lattic<^ ha.s four, etc. 
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this structure has a hexagonal lattice with a unit cell containing three 
balls at 0, 0, 0; f, i, i, and i, I-, -f; and an axial ratio of 3 X 0.8165, or 
2.45. However, this is not the fundamental unit cell for the structure; 
the choice of this cell as the fundamental one would disguise the fact 
that the structure has a higher type of symmetry than hexagonal, 

namely, cubic. The analysis of 
crystal structure is beset with such 
pitfalls. 

Examination of a pile of balls 
stacked in this manner will reveal 
that it is possible to select a set of 
three mutually perpendicular axes, 
each coinciding with a row of 
equally spaced balls, as shown in 
Fig. 14-25. Here the balls are rep- 
resented as though they had been 
stacked up and then shrunk in size 
with their centers fixed in space. 
This representation makes it easier 
to see the relative positions of the balls in a^diagra^. The he.xagonally 
packed planes of balls now appear as (111), (HI), (HI), and (111) planes, 
belonging to the {111} form. 

From Fig. 14-25, it is obvious why this arrangement is called a face- 
centered cubic structure. There is a ball at each of the eight comers of 
the cube and one at the center of each of the six faces. The cube mnopqrst 
is the unit cell, and the balls q, u, v, and w may be regarded as belonging 
to it. Upon this basis, t and z belong to the cell in front of rnnopfp'st, 
and p to the one above it; r and y to the one at the right of mnopqrst, 
and n to the one above it; s to the one at the right front corner, and o 
to the one above it; and m and x to the cube above mnopqrst. Thus it 
is seen that there are four balls per unit cell, their coordinates being 
0, 0, 0; ■^, -g-, 0; 0, and 0, ■^. Also, 

Ot = a = Or = h = a — Om = c = a; 



Fig. 14-25. — The face-centered cubic struc- 
ture. 


and angle AOB = BOC — AOC = 90°. The volume of the unit cell 
is obviously a® and the axial ratio c/6 = 1. 

10. The Lattice Constants. The unit cell having been found and its 
relative dimensions known, the next step is to determine its absolutx^ 
size. In the case of a triclinic lattice, it is desirable to know the values 
of a, 6, and c in angstrom units, let us say, and the values of a, /3, and 
y in degrees. These are called the “lattice constants.” In the erase 
of a perfect hexagonal close-packed lattice (Sec. 7) it is necessary merely 
to find the value of a, for it is already known that 6 = a and c = 1.633a 
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and that « = jS = 90° and y = 120°. Similarly, for the face-centered 
cubic lattice (Sec. 9), the value of a is all that one needs, for it is already 
known that b = c = a and a = ^ — y = 90°. In such cases, a is called 
the lattice constant. 

In 1897, Barlow published an article in which he speculated that 
crystals of simple compounds like sodium chloride probably consisted 
of a symmetrical latticework of atoms arranged in some simple structure 
like the two just considered. He suggested that one arrangement might 
be a composite face-centered cubic structure in which unlike atoms 
alternated, forming two interlocked systems, each in itself being a simple 
face-centered cubic structure. In this case, the unit cell becomes a cube 
having sodium atoms (for example) at the cube corners and face centers 
and chlorine atoms (for example) at the center of each edge and at the 
cube center, or vice versa. In a structure of this sort, there would be 
four ''molecules” (or at any rate four sodium and four chlorine atoms) 
per unit cell, the coordinates of the sodium atoms being 000; i^O; 

0^^, and the coordinates of the chlorine atoms OO-g-; O-jO; and ^00. 

Upon such an assumption, one can calculate the lattice constant 
from chemical data. As an example, see page 337, where the value of a 
for rock salt is calculated to be 5.628 A. 

11. Directions, Zone Aj:es, and Zones. In a space-lattice, the 
coordinates of any particular lattice point P are usiially expressed by 
merely counting points along the three princiyial axes A , B, and C. 
Thus, if the coordinates of P are, respectively, the distance from the 
origin to the third lattice point out the A axis, the distance from the 
origin to the second lattice point out the B axis, and the distance from 
the origin to the fourth lattice point out the C axis, then the coordinates 
of P are usually said to be simply 3, 2, 4. This general idea has already 
been set forth in Sec. 3 in regard to the way of expressing the axial 
intercepts of planes. 

A straight liim from the oi'igin through the lattice point P having 
coordinates u, v, w in the sense just desc;ribed is commonly called the 
*‘[uvw] direction.” The square brackets are used to avoid confusion 
with the Miller indicjes of planes, which are always written in paren- 
theses. Thus the [100] direction is simply the A axis; the [HO] direction 
is a line OP lying in the AB plane and passing through the origin in a 
direction between that of the A axis and that t)f the B axis. If a happens 
to equal b, then angle AGP = POB = 45°. The [111] direction in a 
cubic crystal makes equal angles with all thi-cc principal axes and is the 
cube diagonal. 

The intersection of two crystal planes, like (100) and (110), for 
example, is a line (or row) of atoms in the ci'ystal lattice. Such a line, 

^ W. Barlow, Proc. Roy. Dublin Soc. (1897). 
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or row, is called a “zone axis,” and each of these zone axes is designated 
by indices in square brackets, such as [uvw], where [uvw] is the direction 
of the zone axis. The distinction between a direction and a zone axis 
is that the former is conceived as a geometrical line through the origin; 
the latter is conceived as a row of atoms not necessarily passing through 
the origin. The [uvw] zone axis is always parallel to the [u'v'w'] direc- 
tion ii u = u', V = v', and w = w' . Since Qikl) designates a family of 
parallel planes, the intersection of the Qikl) planes with the (h'k'V) planes 
is a family of parallel zone axes. The indices u, v, w <ii the zone axis 
[uvw] formed by the intersection of the Qikl) and Qi'k'V) planes are given 
by 

u = klf - Ik' ] 

V = Ih' — hi' [ (14-3) 

w = hk' - kh' j 

All the lattice planes that pass through the zone axis [uvw] constitute 
a “zone,” which is called the "[uvw] zone.” 

The Miller indices h, A:, Z of a lattice plane determined by two inter- 
secting zone axes [uvw] and [u'v'w'] are given by 

h = vw' — wv' 

k = wu' — uw' ^ ( 14 _ 4 ) 

I = uv' — vu' ^ 

The zone axes [100], [010], and [001] are the A, B, and C principal cjystal- 
lographic axes, respectively. 

12. Lack of Confirmation. The discussion in this chapter has made 
it clear that there was fairly substantial evidence in 1910 that (1) crystals 
are composed of atoms and groups of atoms arranged systemati(;ally 
with respect to the points of a three-dimensional space-lattice, (2) t.hat 
such aiiangements could be classified in 230 possible space groups, and 
(3) that the unit cell in these lattices had dimensions of the order of a 
few angstrom units or a few atomic diameters. Nevertheless, before; 
the discovery of x-ray diffraction, there was a disconcerting lack of any 
direct evidence to confirm these conclusions. Many detailed questions 
remained unanswered, and exact quantitative measurements of tli(“ 
lattice constants were not obtainable. 

QUESTIONS AND PROBLEMS 

1. How did the discovery of x-ray diffraction occur, and in what general fu;l(ls 
has it proved to have practical importance? 

2. Did the idea that crystals are built up by geometric repetition of a funda- 
mental cell originate from x-ray diffraction studies? What arc cleavage faces, and 
what does the law of rational indices say about them? 

3. Distinguish hetv/een a point lattice and a crystal lattice. Can more than 
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one set of axes be chosen as a suitable reference frame for a given point lattice? How 
does the theory that a crystal has a structure resembling a geometrical point lattice 
account for the law of rational indices? 

4. A plane has intercepts 2a, 4b, and 6c, respectively, on the A, B, and C axes. 
What are its Miller indices? How many lattice planes parallel to it are to be found 
between it and the origin? How many (345) planes between the origin and the first 
rational (345) plane? Ans. (632) ; 12 planes; 60 planes. 

6 . Give the Miller indices of the planes belonging to the {112j form of a cubic 
crystal. Distinguish between a cubic and a tetragonal crystal. What is a body- 
centered cubic space lattice? What is the significance of the symbol OJ associated 


with it? 

6. What is a holohedral crystal? A hcmihedral crystal? A tetartohedral 
crystal? Define the terms hemimorphic and enantiomorphic. Why are there about 
seven times as many space groups as point groups? Name and distinguish between 
the seven crystal systems. 

7. What is meant by the Schoen flies notation? Is it the only such system m 
use? What are symmetry operations of the first kind? What is a threefold axis 

of rotary reflection? A center of symmetry? 

8. The unit cell of a crystal lattice has dimensions a, b, and c parallel to the 
crystal axes A, B, and C. By repeated translations of the cell through intervals of 
a b, or c parallel to the A, B, or C axis, the crystal lattice can be built up indefinitely 
in all directions. For a given crystal lattice, is there always only one possible unit 
cell that can be chosen to meet these requirements? If not, what considerations 


govern the choice of “the’' unit cell? . , au .u + 

9. Describe the hexagonal close-packed structure in detail, fehow that e 

volume of the unit cell is V2 a\ 

10. In wliat crystal system are Miller-Bravais indices used? What are the 
Miller-Bravais indices corresponding to the following Miller indices. (100), (11 ). 

11. How many balls (or atoms) arc there in the unit cell of the face-centered cubic 
struct, ur.? Whn't >uo their coordi.uvte? What is the order of mapitu^ of the 
distiUK^o h(d,woon iHijacoiit atoms i» a crystidf How was this known m 19(»? 

12 . Wimt zone axis is formed iiy liie intersection of tiio (123) and (lU) plwes 
of 11 ciiiiic i-rystiii ? Wimt iiitticc piiinc is determined by the [1 1 1] and [100] zone axe? 

of a cubic lattice? 



CHAPTER 15 

LAWS OF X-RAY DIFFRACTION IN A CRYSTAL 

1. The Laue Equations. When the possibility of x-ray diffraction 
in a crystal first occurred to Laue, x-rays were generally regarded as 
being short-wave-length electromagnetic waves, just as they are today, 
except that there was comparatively slight knowledge of their quantum 
characteristics. The equations that Laue derived for the diffraction of 
x-rays in a crystal were deduced by reasoning of the following sort: 

In Fig. 15-1, pqrstu represents a row of atoms parallel to the A axis 
in a crystal, the distance between successive atoms being a. HiKi, 



H2K2, H3K3, etc., represent successive wave fronts of an x-ray beam 
from a distant source (so that etc., may be regarded as plane 

wave fronts) approaching the row of atoms, the direction of travel being 
indicated by the rays As and Rr. The x-rays are not necessarily mono- 
chromatic; but a finite part of their energy is transmitted by waves 
having a length X, and the following discussion concerns only this part. 
Draw rM perpendicular to As and sN perpendicular to rB' . When a 
wave front reaches rAf, it encounters atom r, which may coherently 
scatter some of the radiation in some new direction such as rB'. When 
the same wave front reaches s, additional coherent scattering may occur 
in the same direction sA . These two scattered wavelets from r and s 
will be in phase with each other provided that Ms — rN = eX, where e 
is an integer. If such constructive interference occurs between the rays 

s^^nie particular direction, the above argument can 
easily be extended to show that constructive interference in this direction 

320 
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will occur for all the wavelets scattered from all the atoms pqrstu, etc., 
in the row, and a diffracted beam should be expected. The “order” of 
this beam is the integer e, which may have negative as well as positive 
values, including zero. 

Up to this point, the argument has been similar to the one for a plane 
ruled grating [Fig. 6-2 and equation (6-16)]. However, since the present 
discussion is concerned with a i‘ow of particles, there is no need for the 
rays As and sA' (or Br and rB') and the row pqrstu to be coplanar, and 
in general they are not. For a given order (value of e), the diffracted 
rays constitute a cone with pqrstu as axis, the generatrix making an 
angle with this axis. For other orders, there are other values of , 
and thus the diffracted rays make up a nest of coaxial cones with a com- 
mon vertex. 

Since Ms — rN — a cos ^ — a cos 

a(cos ^ — cos ^0 = cX (15-1) 

for the atomic rows parallel to the A axis. Likewise, if pqrstu is regarded 
as a row of atoms along the B axis, with interatomic spacing 6, the angles 
being t] and 17' instead of ^ and and the order of diffraction being the 
integer /, 

6 (cos 17 — cos t]*) = f\ (15-2) 

and, for the C axis, 

c(cos f — cos U) = <7^ (15-3) 

These are the Laue equations. 

Suppose that Ms — rN (Fig. 15-1) differs from eX by a small amount, 
say, Ms — rN = I.IX. Then the ray scattered from atom p will be 
exactly out of phase with the ray scattered from z, the tenth one down 
the row from p, and, by pairing off the rays from atoms 10a apart, com- 
plete destructive interferenc^e can be demonstratcul. '^^1^'his argument 
breaks down if the crystal is so small that there ai’c only a few atoms in 
the row. For example, if Ms — rN =*= 1.0 IX, one cannot prove destruc- 
tive interference by pairing off” atoms 100a apart if there are only 30 
atoms in the row. Hence the cones of diffracted rays should be sharply 
defined for crystals of ordinary size but blui’red, fuzzy, or ill-defined for 
extremely minute crystals. That is, there is a loss of “resolving power” 
in the case of extremely minute crystals. 

For a particular value of c, a particular value of /, and a particular 
value of g, there will be three cones of diffracted rays, one coaxial with 
each axis, the vertex of each being the origin of coordinates, for con- 
venience. These three cones will intersect in general in six lines radiating 
from the origin. In these six directions the diffracted rays from two 
rows of atoms at a time, that is, from any single (100) plane, any single 
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(010) plane, or any single (001) plane, will be in phase, but there will be no 
constructive interference between rays from different planes in the family 
concerned. If the three cones happen to intersect in a single line, then 
all the atoms in the lattice will diffract rays in this direction at the same 
time; that is, there will be constructive interference, not only between rays 
from all the atoms in a plane, but between rays from all such planes in 
the family, or from all the atoms in the lattice. By changing the direc- 
tion of the incident beam, rj, and ^ (and hence rj', and ^') may be 
given such values that the cones do intersect in a common line, and a 
diffracted beam in this direction results. By reasoning in this way, Laue 



Fia. 15-2. — The coherent scattering of x-rays from a single atomic plane. 

accounted for the diffracted beams observed photographically in the 
experiments of Friedrich and Knipping. 

2. Bragg’s Law. Many physicists turned their attention to x-ray 
diffraction after its discovery was announced by Laue. Among these, one 
of the foremost was W. H. Bragg. He soon proposed a simpler method 
of analysis that made the three-dimensional geometry involved easier 
to visualize. 

In Fig. 15-2, MN represents a lattice plane viewed edgewise. HQ is a 
plane wave front in a beam of x-rays from a distant source, the rays ti'avel- 
ing in the direction AB or CD. As in the preceding section, attention is 
centered on rays of a particular wave length X. As the wave front HQ 
passes through the plane MN, the various scattering centers (atoms or 
groups of atoms) set up wavelets, which spread out spherically, and the 
usual Huygens construction establishes H'Q as the wave front of the 
beam diffracted in the direction PB' or QD' by the plane MN. In both 
this section and the preceding, it is understood that coherent scattering 
by the bound electrons in the atoms (see Chap. 5) is involved. Since 
this is identical with the Huygens construction for the wave front 
reflected from a plane surface, one has 6' = 6. If d' is slightly different 
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from 6, the scattered wavelets may be shown to cancel each other by 


destructive interference, pairing off the 
ray from each atom against one located 
5 or 12 or 23 intervals over, as the case 
may be, as explained in the preceding 
section. 

Figure 15-3 is a two-dimensional dia- 
gram of a crystal, the polygon ABCDEFG 
representing some of the faces that might 
naturally develop. M iN i, M 2 , M zN 3 , 
etc., represent a set of planes chosen at 
random, except that a fairly thickly 
“populated’’ set of planes with a cor- 
respondingly large interplanar dis- 
tance is preferable to a thinly populated 
set with a correspondingly small separa- 
tion. 



D 


Fig. 15-3. — Showing relation between 
atomic planes and cleavage faces. 


In Fig. 15-4, MiN\, MiNn, MzNz, M 4 N 4 ,, etc., represent a set of planes 
such as the ones represented by the same letters in Fig. 15-3. A 1 Z 1 A 4 Z 4 



represents a beam of parallel x-rays from a distant source, successive plane 
wave fronts lieing indicated by LiL'i, L 2 L 2 ) etc., spaced one wave 
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length X apart. It has already been shown from Fig. 15-2 that each plane, 
such as MiNx, tends to ‘'reflect” the rays in the direction BiC such that 
angle 

AxBiMx = 6 — angle CBxNx^ 

When a wave front reaches the position BxP, the portion of it at Bx 
is just on the point of initiating a scattered ray from Bx toward C. At 
the same instant, this wave front has reached P on the ray A^Z^, having 
already passed the point of intersection B^ with the plane M iN 2 - From 
this point P 2 , the scattered ray in the direction B^C will by now have 
reached P', where B^P' = BJP. By geometry, P' is also the foot of 
the perpendicular dropped from Z> upon B^C, and angle 

PBxD = 6 = angle P'PPi. 

Hence the wavelet scattered from B^ lags behind the one scattered from 
Pi by the wave front PBx, the path difference being P'Pi, Since 

BxD = 2d, 

the path difference P'Pi is 2d sin 6. Similar reasoning shows that 2d. sin 6 
is also the path difference between the scattered radiation from P 2 and P 3 
and from Bz and P 4 . Therefore, if this path difference is an integral num- 
ber of wave lengths n\, n being an integer, one should expect a diffracted 
beam in the direction BxC if 


nX == 2d, sin d (15-4) 

The sort of reasoning used before will show that if the i)ath differ- 
ence is 1.9X, for example, then the scattered wavelet from each planer is 
destroyed by interference with the scattered wavelets from the plane 
lOd beneath it. Equation (15-4) is Bragg’s law. 

3. Relation between Bragg’s Law and the Laue Equations. In Scc\ 1 , 
it was concluded that a diffracted beam should be expected in a direct ion 
making angles and f ' with the A , B, and C axes of the crystal when t he 
three Laue equations (15-1) to (15-3) are simultaneously satisfied. Under 
this condition, the A-axis rows are diffracting in the cth order, the P-axis 
rows in the /th order, and the C-axis rows in the g^th order. Let us (tall 
this “condition 1 .” 

In Sec. 2 , it was concluded that a diffracted beam might be exp(^(tte(l 
in a direction coplanar with the incident beam and the normal to the 
(hokalo) planes and departing from the crystal in a direction making 
a grazing angle 6 with these planes when Bragg’s law is satisfied. '^Fhis 
occurs for any given wave length X only at certain discrete angles 6 for 
any given set of planes (hokolo). Let us call this “condition II.” 

It may be shown that condition I is equivalent to condition II (jr that 
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Laue’s equations, when simultaneously satisfied for given directions of 
incident and exodent beams and a given X, represent Bragg’s law diffrac- 
tion of the nth order from the {hokalo) planes when 

e = nho 

f = nfco (16-5) 

g — nl(i 

the same principal axes being used in both methods of analysis. 

The Bragg viewpoint makes the mechanism of x-ray diffraction in a 
crystal much easier to visualize than does the Laue analysis, but for 
some purposes the Laue equations are most useful. Both predict the 
same result for the same set of given conditions, and the predictions are 
in accord with experimental observation, perfect agreement resulting 
when allowance is made for the slight refraction at the crystal surfaces 
(see Sec. 5). 

4. X-ray Diffraction upon the Basis of the Quantum Theory. The 

equations of Laue and Bragg were derived by regarding x-rays as pure 
electromagnetic waves, and the accurate agreement between these equa- 
tions and experimental observation was strong support for the view that 
x-rays consist purely of waves. However, the photoelectric properties 
of x-rays, the existence of K, L, M, etc., absorption edges, the Compton 
effect, the Auger effect, and other phenomena described in the earlier 
chapters — all visualize x-rays as consisting essentially of particles, or 
photons. These latter effects, as they were disciovcred and studied, kept 
building up more and more evidence against the theory that x-rays are 
purely and simply a wave motion. Consequently, it became desirable to 
try to explain x-ray diffraction on the basis of the (juantum theory, which 
describes x-rays as consisting of energy packets (photons) that have waves 
associated with them. In 1923, Duane and Compton succeeded in deriv- 
ing Bragg’s law from quantum postulates. 

In order to understand the derivation, it will be helpful to recall 
that Bohr’s equation (4-25) for the quantization of the orbits of 
liydrogenlike atoms indicated that the angular momentum of the orbital 
electrons may take on only integral multiples of the value h/2nr. In 
1915, Wilson and Hommerfeld- discovered that this quantum rule of Bohr 
was only a particular case of a more general rule which may be expressed 
in generalized coordinates, usually in terms of the variables qi, q^, etc., 
representing the positions of the particles in a system, and the canoni- 
cally conjugate variables pi, pa, etc., representing their momenta. 

1 W. Duane, Proc. Natl. Acad. Sci., 9, 159 (1923); A. H. Compton, Proc. Natl. 
Acad. Sci., 9, 359 (1923). 

2 W. Wilson, Phil. Mag., 29, 795 (1915), A. Sommorfold, Ann. Physik, 61, 1 (1910). 

3 If represents a set of variables 7i . . . in generalized coordinates that de(in<! 
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This Wilson-Sommerfeld quantization rule is expressed by the relation 

p dq = nh (16-6) 

where n is an integer and h is Planck’s constant. This integral is called 
an ‘‘action integral” and can be evaluated only for “conditionally 
periodic system,” that is, for systems describable by coordinates, each of 
which goes through a cycle as time increases, independently of the others. 

The symbol indicates a definite integral taken over one cycle. This 

quantization rule was one of the main 
pillars of the “old” quantum theory; 
its limited application, restricted as it 
was to periodic systems, was one of the 
shortcomings of the old theory overcome 
by the more general theories of modern 
quantum mechanics. 

The quantum derivation of Bragg’s 
law or Laue’s equations is based upon the 
Wilson-Sommerfeld quantization rule. In 
Fig- 15-5, OP represents the path of an x- 
ray photon in an x-ray beam incident upon 
a crystal lattice in the AB or (001) plane, 
the interplanar distances in the A and B 
directions being a and h. In this two- 
dimensional figure, qi = X. If the crystal 
is supposed infinite in extent, the system repeats itself every time x in- 
creases by a; that is, when x is replaced by x -f a, the new system is indis- 
tinguishable from the old. Hence (15-6) becomes 



j Pj; dx = riah = p.ji 

(15-7) 

whence 

Hah ' 

(15-8) 

Similarly, 

Ubh 

Pv = y 

(15-9) 


where ria and Ub are integers and and py are the x and y components of 
the momentum of the photon. These equations state that in this system 
the X component of the momentum of the photon must be an integral 
multiple {ria) of h/a\ hence, if it changes, it must change by an integral 

the positions of the particles in the system in question and if pi represents a .second 
set of variables Pi . . . pn, called “generalized momenta” and defined as pi = dL/dqi, 
then these variables are canonically conjugate if they satisfy Hamilton’s equations 
dH/dpi = qi and dH/dqi — —pi. Here L is the Lagrangian function (kinetic minus 
potential energy), H is the Hamiltonian function, and qi = dq/dt and pi = dp/dl. 
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multiple Aria — of h/a. That is, 


Ap, = 


and. similarly Apy — riy ^ (15-11) 

In Secs. 5-4 and 5-6, it was shown that the momentum p of a photon 
is h/\ where X is the wave length of the associated radiation. Hence 
the X component of the momentum of the photon before it collides with 
an electron in the atom P (Fig. 15-5) is h/\ cos 0i. After the collision, 
which is elastic since the electron is supposed to be firmly bound and the 
scattering coherent, the x component of the momentum of the photon 
will be /i/X cos 02- Hence 


(15-10) 

(15-11) 


and similarly 


h s * ^ 

- (cos 01 — cos 02 ) = Apx ~ ^ 


h V . ^ 

- (sin 01 — sin 02 ) = Apy = riy-^ 


(15-12) 


(15-13) 


If the photon passes straight through without diffraction, then 

= 02 a,nd rix — 0 = riy. 

If iix or /<// or botli are not zero, the photon is diffracted. If n* is zero 
but n„ is not, co« 0i = cos 6^ but sin Si sin 0,; hence sin fli = - sin 
and (15-13) becomes 

ny\ = 2b sin 01 (15-14) 

whi(rh is Bragg’s law for reflection from the (010) planes. If riy is zero 
but Ux is not, sin 0i = sin 02 but cos 0i cos 02 ) hence 

eos 01 = sill (90° - 0i) = - cos 02, 

and (15-12) becomes _ 


»?.a;X = 2a sin (90° — 0i) 


(15-15) 


which is Bragg’s law for reflection from the (100) planes. If neither n^ 
,,;cciuuls sevo. then (15-12) and (15-13) represent Bragg’s law for 
reflection in some other set of crystal planes in the [001] zone, such as 

6. Correction of Bragg’s Law for Refraction. It was ste^ in 
Chap. 0 that x-rays have an index of refraction p — 1 s ig y ess 
than 1 If the crystal planes from which the Bragg “reflection” occurs 
are parallel to the surface of the crystal (as when a cleavage face is i^d), 
the actual angle ft„. which experimentally yields maiamuin intensity in 
the diffracted beam tor a given X is slightly larger than the angle 
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which one calculates by substituting the true value of X and d in Bragg ’ h 
equation nX = 2d sin and solving for The difference can be 

shown to be (Fig. 15-6) 

do\» — ^caic = 5 sec 0obs cosec Bobs (15- lb) 

This relation was first derived by Darwin.^ 



T 


Fig. 15-6. — Diffraction corrected for refraction. 

When the x-rays are diffracted by a set of planes parallel to the 
crystal surface, it may be shown that Bragg's law, corrected for refrac- 
tion, becomes 

nX = 2d ( 1 - ) sin 6 (15-17) 

where B is the observed angle Boha in Fig. 15-6. The derivation of this 
expression is based upon Snell’s law /x = cos ^oba/cos 0„aio and the defi- 
nition of the index of refraction tx = c/c' = X/X' where the primes refer 
to velocity or wave length within the crystal. These relations are sii In- 
stituted into the equation n\' = 2d sin After expanding by tht; 

binomial theorem, squares and higher powers of 5 are neglected in order 
to obtain (15-17). Since 5 is of the order 10~^ or 10~®, equation (15-17) 
is only very slightly different from equation (15-4). Examination of 
either (15-16) or (15-17) shows that refraction will cause the great<^st 
discrepancy from the simple form of Bragg’s law when d is small, whic.h 
corresponds to low orders of diffraction (small values of n). 

If one measures the angle B^ at which a beam of x-rays of wave Icngt.h 
X is diffracted in a high order, say n = 5, by a set of planes parallel to 
a crystal face, he may then calculate d from n, X, and 0 b by the siinph'i 
form of Bragg’s law (15-4). If he then measures the angle 0i at whicli 
the beam (of wave length X) is diffracted by the same planes in the hi\st 
order (n = 1), he may again calculate d from n, X, and 0i by (15-4). 
When this is done accurately, the two values of d disagree slightly. How- 
ever, if the two calculations are made with (15-17) instead of (15-4), 
the two values agree, thus proving the reality of the refractive correction. 

^ C. G. Darwin, Phil. Mag. 27, 315 (1914). 
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The effect is very small, and thus careful measurements are required to 
estimate 5 and hence ju by this method, as Stenstrom did (see page 97). 

6. Diffuse Scattering. Lest this chapter leave the impression that 
there are no x-rays coherently scattered from a crystal at angles not 
satisfying Bragg’s law, it should be stated that experiment and theory 
are in agreement that there are both coherent and incoherent “diffuse” 
scattering by a crystal at these “non Bragg” angles at room temperature. 
The coherent diffuse scattering is due to the thermal agitation of the 
atoms, and it would be theoretically zero between the Bragg maxima for 
a perfect crystal (page 366) at zero absolute temperature. 

In Chap. 22, an equation (22-11) is given for the scattering, both 
coherent and incoherent, from a monatomic gas. Debye^ has shown 
that the 14 ^ term representing the coherent part of the scattering in 
this formula should be replaced by leijl — P) for a crystal, so that the 
total diffuse background scattering from a crystal is given by a similar 
equation, 

I = Ie[{n - P) + - Sg^)] (15-18) 

The terms before the + sign represent the diffuse coherent scattering, 
and those following the + sign represent the incoherent scattering. The 
meaning of the symbols in the equation is explained in Chap. 22 and in 
Secs. 16-9 and 16-14. 

According to this equation, both the coherent and incoherent scat- 
tering between the Bragg maxima vary with the angle in a uniform 
monotonic fashion. Actually, weak maxima are sometimes observed 
superjjosed on this general background. These maxima are called 
“diffuse reflections.” Whether they are due to coherent or incoherent 
scattering is a matter ncit yet definitely established (see pages 474-478). 


QUESTIONS AND PROBLEMS 

1. What, arc tho Tjaiio equations, and what is their significance? What has the 
.sine of the crystal to do with its resolving power as a diffraction grating for x-rays? 

2. What caus(^s the angle 0o at which an x-ray beam is diffracted from a crystal 
plane to be so critical? That is, why does the intensity of the beam drop off to zero 
for angles only slightly greater or less than 0o? What is Bragg’s law? In general, 
if a bearri of paralhd inonoe.hromatio x-rays strikes a set of crystal planes ihkl) at 
some fixed but arbitrary angle chosen at random, such as 17°, say, will there be any 
diffrac.ti^d beam from these pianos? If so, at what angle will it depart from the set 

of planes? . , ^ i 

3. In geiuiral, tho x-ray besim diffracted by a given set of crystal planes {hkL) 

a<u-,ording to Bragg’s law is called a Bragg “reflection.” Can you suggest why? 
’rhe se(!ond-order Bragg reflection from the (112) planes of a crystal, for 
(tailed the “(224) reflection,” the designation being simply {nh,nk,rd), where h, k, L 
are the Miller indiciss of the planes and n is the order of the Bragg reflection. If t e 

1 P. Debye, Ann. Physik, 43, 49 (1914). 
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THE BRAGG METHOD OF CRYSTAL ANALYSIS AND SOM] 
PERTINENT PROPERTIES OF ACTUAL CRYSTALS 


1. The Mechanism of X-ray Diffraction. In Chap. 15, Laue 
equations and Bragg’s law Avere shown to be equivalent mathematicj 
relationships governing the diffraction of a beam of parallel mon< 
chromatic x-rays when it passes through a geometrical three-dimension: 
lattice of scattei’ing centers of the sort described in Chap. 14. If, no\ 
these scattering centers are to be regarded as actual atoms, ions, < 
identical groups of atoms (sometimes molecules, sometimes not), tl 
nature of the interaction of the x-rays and the atoms deserves mo; 
detailed discussion. Modern theory, confirmed by experiment, indicat' 
that the diffracted beams discussed in the preceding chapter result fro 
the coherent scattering of the rays by the electrons in the atoms. Tl 
scattering from the atomic nuclei is negligible in comparison. Tl 
incoherent scattering (see Chap. 5) is only a minor factor in ordina: 
x-ray diffraction phenomena. 

2. Classical Theory of X-ray Scattering — ^J. J. Thomson. Accordii 
to the classical theory of electromagnetic radiation (see pages 36 ai 
37), the intensity I of an electromagnetic wave is given by 


cE^ ^ cIP 
4‘7r 47r 


(16- 


where E is the amplitude of the electric vector in the wave or H is t] 
amplitude of the magnetic vector, E and H being always numerical 
equal at any point. According to Thomson’s calculations,^ the electi 
amplitude A’J of the wave at P (Fig. 16-1), scattered by an electron at 
from a primary wave of amplitude Eq traveling along the path AOB, 
given by ^ 



E'o 

r mc^ 


(16- 


where E[ and Eq arc the magnitudes of the electric vectors in a directi 
perpendicular to the plane AOP, r is the distance OP, and e, m, anc 

^ See, for example, J. J. Thomson and G. P. Thomson, “Conduction of Electric 
through Gases," 3d ed., vol. 2, p. 258, Cambridge University Press, London, 19 
In Thomson’s treatment, e is in c.m.u., whereas in the above discussion e is in e.s; 
Hence the extra factor c. 
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have their usual significance, e being in e.s.ii. In general, the primary 
wave advancing along AO will not be polarized, and it will therefore have 
an electric vector E" in the plane AOP as well as the one already men- 
tioned Thomson's calculations show that the electric amplitude 

E'J of the scattered wave at P due to the incident vector E'd of the pri- 
mary wave is 

-1_ cos (16-3) 

r mc^ 

where 4> is the angle between the primary and scattered rays, as indicated 


A 


Fig. 



in Fig. 16-1. In an unpolarized wave, Eq — Eq\ and the resultant 
vector Eo is given by 


or 


El = E'o^ H- E'o'^ = 2E'o^ = 2E'o'‘^ 

iEl = E'^ = E'''^ 


Squaring and adding (16-2) and (16-3) and applying (16-5), 

= + li'r = || (1 + 


(10-4) 

(10-5) 


(1 (>-(!) 


Application of (16-1) yields 


le = /o 


2r^m^c^ 


(1 -h cos*-^ tt>) 


(16-7) 


This is Thomson’s equation for the intensity of the rays scattered by 
a single electron when the intensity of the primary x-ray beam as it 
strikes the electron is /o, <t> is the angle between primary and scattered 
rays (Fig. 16-1), and r is the distance in centimeters from the electron 
to the point P at which is measured. Note that none of these etjuations 
involve the wave length. 

If one now supposes that an atom containing Z orbital electrons 
{Z = atomic number of the atom) is placed at the point O (Fig. 16-1), 
it seems reasonable to assume that the intensity at P of the x-rays 
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scattered by the atom would be that scattered by a particle of charge 
Ze and mass (of the electrons only) Zm, in which case 

^ 2r2(Zm)V ^ 

or 7« = /o (1 + cos2 0) (16-8; 

This equation agrees with experimental observation reasonably well ii 
the case of the lighter elements. The massive nucleus of the at on 
scatters no appreciable fraction of the rays. If the electrons in the ator 
are separated by distances comparable with the wave length of th 
x-rays, then the electrons should scatter the rays more or less inde 
pendently; in this case the intensity of the beam scattered by the . 
electrons is simply Z times that scattered by one electron, or 

2r^^4 (1 + (16-- 

This equation agrees with experiment better than (16-8) in the case c 
the heavier elements. It is equation (5-12) already given in Chap, i 
Equation (16-9) is not accurate, however, for the wavelets scattered b 
the various electrons in the atom will not all be exactly in phase wit 
one another when they reach P. The diameter of the heavier atoms is 
considerable fraction of the wave length of the x-rays commonly use 
in diffraction work. 

In the simple Bragg method of crystal analysis, equations (16-J 
''“and (16-9) may be taken as a sufficiently accurate basis for calculatir 
scattering intensities. In the more rigorous modern extensions of tl 
Bragg method, the approximation is made much more accurate by intr< 
ducing a corrective factor f, called the “atomic-structure factor,” tl 
use of which then supersedes equations (16-8) and (16-9). 

3. The Bragg X-ray Spectrometer. Bragg describes his ionizatic 
spectrometer as “a siege gun to be brought into action when the lighb 
artUlery fails.” The lighter artillery here refers to the various simpL 
photographic methods of (;rystal analysis sucli as the Laue method, tl 
rotating-crystal method, and the powder method, to be discussed 
Chaps. 17 and 18. The term “crystal analysis,” as used here and 
the title of this chapter, signifies the amassing and analyzing of sufficie: 
data to reach the definite conclusion that a ccirtain substance, such 
potassium chlorate, for exam])le, forms (jrystals which belong to a certa 
space group — Cfa in the monoclinic system in this case- — ^with knov 
dimensions a, b, c for the unit cell — 1.()47, 5.585, and 7.085 A. in tl 
case — and known angles between the ax(\s in this case, = 109°3! 
Crystal analysis is quite essential so far as the advancement of knov 
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edge of the chemical and physical structure and properties of solids is 
concerned, but in the ordinary problems encountered in the average 
industrial laboratory, this type of analysis is not often demanded. 
Nevertheless, a general knowledge of its theory, methods, and possi- 
bilities is a very good groundwork on which to base a true understanding 
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of the simpler and more important ap- 
plications of x-ray diffraction in indus- 
trial work. 

Figure 16-2 is a diagram showing the 
general arrangement of a double-crystal 
Bragg spectrometer. The crystal B is 
mounted on the central table so that 
the axis of rotation of the table lies in 
the plane of one of the more prominent 


' > ■ ■■ ■ - > 


b'lo. 1 6-Ii . — T ape re (I < • ( > 1 1 i - 
mating slit, or pinholo. 


crystal faces and is parallel to one of the more important zone axes of 
the crystal, usually one of the principal axes. 

The crystal A is not always present. When it is prcwent, tlie instru- 
ment is called a “double-crystal" x-ray spectrometer,' but if th(^ rays 
from the tube are simply collimated into a pai-allel beam l)y slits and 
then allowed to fall on B directly the instrument is a simj)le Bragg 
spectrometer. The x-ray tube usually has a tai-get of molylxlenum, 
copper, or iron, for the K„ lines of these elements have a <u)nvenient 
wave length for the work. The beveled slits, usually of lead, have the 
beveled edges facing away from the source, as shown in Fig. l(>-3. ^Jhvo 
adjustable slits about 2 in. apai't and opened about 0.01 in. suffice for 
routine work. Behind these is a third, wider guard slit to intercept 
any rays scattered by the second slit. A fourth slit (Fig. 16-2) guards 
the entrance to the ionization chamber I. For durabilif.y, stcnd or brass 
slits are sometimes used, and for precision work gold slits ai-e not uiurorh- 
mon. In extreme cases, they are placed as much as 40 cm. apart and 
narrowed to 0.0025 cm. in the single-crystal instrument. 

^ A double-crystal x-ray spectrometer is do-scribed and illust rated by S. K. Alli- 
son, Phys. Rev., 41, 1 (1932); see also J. ViT. M. DuMorid and 1). Marlow, Rev. Sci. 
Instruments, 8, 112 (1937). 
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Since monochromatic radiation is necessary to make the spectrometer 
.useful, a close enough approach to this is obtained in the simple spectrom- 
eter by placing a filter over the ionization chamber slit (Fig. 16-2). 
The filter must consist of a material having its K absorption edge at a 
wave length between the Ka and lines of the x-ray tube-target element. 
Thus a zirconium filter is used for molybdenum radiation. The filter 
is usually made of zirconium oxide or some other compound of zirconium 
with light elements, since the absorption edge is an atomic property not 
altered by chemical combination. W. P. Davey recommends 0.036 g. 
of zirconium atoms per square centimeter of filter in order to reduce the 
Kjs and K.,, radiation to negligible intensity compared with the Ko, radi- 
ation transmitted. The filter is located at the ionization-chamber 
entrance because there it is able to filter out characteristic secondary rays 
from the crystal. A Ross filter (page 433) is sometimes used. The 
double-crystal spectrometer employs the crystal A and a lead wedge W 
as a “monochromator” in place of the filter and collimating slits just 
described. If, for example, A is a calcite crystal with a cleavage face 
next to the wedge W, then its table may be turned and the tube T and 
slit D so aligned that rays TA and AB are both inclined at 6®42' to the 
crystal face. This angle is deduced by applying Bragg's law for first- 
order diffraction of molybdenum K^, radiation from the cleavage planes 
of calcite, which have a grating spacing of 3.035 A. With this setting, 
only the Kai radiation will reach crystal B; even the radiation so 
near by (Ka, = 0.707; K «2 = 0.712 A.) will l)e excluded by the wedge W 
and crystal A. The efficiency of the diffi-action process is so low (see 
Secs. 11 and 16) that the beam AB will be feeble compared with the 
beam DA. At first thought, this should make the double-crystal arrange- 
ment much slower and more difficult to work with than the simple spectro- 
graph with collimating slits, l)ut this handicap is more apparent than 
real. In order to secure high resolving power with either arrangement, 
the requirement is that a high reading for the ionization current in the 
chamber I be obtained at some definite value of the angle ABS (Fig, 
16-2) but that this reading drop off to nearly zero when the angle AB^ 
becomes very slightly more or less than the said definite value. This it 
accomplished in the simple spectrometer by making the collimating slitt 
very narrow and far apart to obtain an extremely fine parallel beam. Ir 
the double-crystal arrangement, a monochromatic beam of parallel rayt 
is obtained with fairly wide-open slits, for, by Bragg's law, all rayi 
leaving crystal A will leave at the same angle and hence constitute i 
parallel monochromatic beam. This circumstance permits the double 
crystal spectrometer to compete with the simple spectrometer as regard, 
sensitivity and speed comlnned with high resolution. 

The monochromatic beam AB (Fig. 16-2) will be diffracted by th' 
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crystal B that is being investigated, when its angular position is correct. 
The beam BS diffracted from this crystal may have its direction and 
intensity measured by means of the ionization chamber 7, which swivels 
about the axis of the central table supporting B, much like the telescope 
of an optical spectroscope. This chamber is usually 15 cm. or so in 
length (see pages 29 and 187), and is connected to the electrometer or 
vacuum-tube amplifier. A Geiger-Miiller counter may be substituted 
for the ionization chamber.^ 

To use a Bragg spectrometer to investigate the structure of the crystal 
B is analogous to using an optical grating spectrograph, with known light, 
to measure the grating spacing. Simple x-ray spectrometers are also 
used in the normal way like an optical instrument. In such work, with 
the simple spectrometer where crystal A is replaced by collimating slits, 
crystal B is a known crystal, such as calcite, and the spectrum of the 
x-radiation entering the collimator is investigated. This is the type of 
work that led Moseley to an understanding of characteristic x-ray 
spectra, as mentioned in Chap. 4. In this chapter, however, the chief 
concern is with the diffraction of known radiation by whatever crystal 
may be placed at B (Fig. 16-2) for analysis. 

4s. Standard Crystals. If the spectrometer is to be used to determine 
the structure of various crystals, then their grating spacings must be 
determined in terms of the spacings of some ‘‘known” standard crystal. 
In fact, it is only on some basis of this sort that it could be known that 
the wave length of the molybdenum Ka, radiation used is indeed 0.707 A., 
unless one resorts to measurements with a ruled grating. This was 
“impossible” before 1926 and is unnecessary today. 

Soon after the discovery of x-ray diffraction, this necessity for a 
standard crystal for x-ray spectroscopy became appai-ent. Moseley 
was the first to propose a standard value for the grating spacing of some 
“standard” crystal, ^ namely, rock salt. Analysis of x-ray diffraction 
patterns by Bragg, using both the Laue and the Bragg methods,® had 
proved that rock-salt crystals do indeed have a facci-centorcd cubic 
lattice of the type postulated by the early crystallographors (Sec;. 14-7). 
The unit cell, as described in Sec. 14-9, contains four atoms, or, more 
accurately, ions, of sodium and four of chlorine. The cell is a cube, 
and the distance dioo between adjacent (100) planes is half the length of 
the cube edge, or lattice constant a. That is, dioo = ia. 

Rock-salt crystals naturally break into cul)ic. fragments. The 

1 W. P. Davey, F. K. Smith, and S. W. Harding, Rev. Sci. Jnslrumenls, 16 , 37 
(1944). Equipment of this type is manufactured by North Aincricnn l^hilips CJo., 
Inc., New York, N.Y. 

“ H. G. J. Moseley, Phil. Mag., 26, 1024 (1913). 

® The Laue method of crystal analysis will be discussed in the next chapter. For 
the early analysis of rock salt by Bragg, using both methods, sec W. L. Bragg, Proc. 
Roy. Soc. {London) A, 89 , 248 (1913). 
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naturally occurring “cleavage faces ” of these crystals are the { 100} form. 
The number of unit cells per cubic centimeter is of course the volume of 
a cubic centimeter (1) divided by the volume of the cell (a^), or 1/a®. 
Thus the number of Na and Cl atoms per cubic centimeter, which may 
be designated by q, is 




(16-10) 


From chemistry,^ it is known that the molecular weight M of NaCl 
is 23.00 -h 35.46 or 58.46. Likewise, Avogadro’s number No, the number 
of molecules per gram molecule, was taken by Moseley to be 6.05 X 10®®; 
that being the accepted value at the time. The number of Na and Cl 
atoms combined in 58.46 g. of rock salt is thus 2J\r o* Moseley toot 
2.167 g./cm.® as the density p of rock salt, and it follows that M g. has s 
volume of M/p cm.®. Therefore there are %Nop/M. atoms in 1 cm.® oj 
rock salt. That is, 


Wop _ 

M dloQ 


( 16 - 1 1 : 


from which 



(16-12; 


Substituting the accepted values at that time into this equation, M^osele^ 
obtained dioo = 2.814 X 10“® cm. or 2.814 A., and a = 5.628 A. 

M. Siegbahn, the leading x-ray spectroscopist after Moseley ^s death 
adopted this value as the “standard” value of d upon which all othe 
crystal lattice constants and x-ray wave-length determinations would b' 
based. Upon this basis, the value of dioo for rock salt was arbitrarik 
defined as 

drook Bttifc — 2,814.00 X^.U. (16-13 


Here, X. U. is an abbreviation for “x-unit,” a new unit of length invented 
by Siegbahn, in terms of which he proposed that all x-ray wave length 
be expressed. If Moseley had known the true values of M, N o, and /: 
all of which must be determined experimentally, 1 X.U. would be exact! 
10“^^ cm.; but since it was understood that unknown experiments 
errors were involved, the x-unit was defined as 1/2,814 of the rock sal 
(100) spacing, or approximately 10“’^ cm. 

Siegbahn and others soon found that cal cite crystals are much mor 
nearly “perfect” than rock-salt crystals. That is, they have a leg 
pronounced “mosaic.” structure, to be discussed in Sec. 16, and const 
quently produce x-ray spec:tT-a practically frcso of the false lines some 
times obtained with rock salt. Oalcite soon be<;ame the most commonl 

I By revorsinp; these calculations, atomic and molecular weights may be calculate 
and compared. See, for example, D. A. Hutchison, ./ . Chem. Phys., 13, 383 (1945 
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used crystal in x-ray spectroscopy, although rock salt, gypsum, mica, 
sugar, quartz, and occasionally potassium ferrocyanide and carborundum 
were used for this purpose. By comparing the characteristic x-ray 
spectrum of some target with a rock-salt crystal and with a calcite 
crystal, it was then determined that the grating spacing d of the cleavage 
planes of calcite was 3,029.45 X.U. In the same way, the spacings for 
the other crystals were found to have the values listed in Table 16-1. 


Table 16-1. — Grating Spacings in X-units at 18°C. 




X.U. 

Hock salt 

Calcite 

NaCl 

CaCOs 

SiOa 

CaS04-2H20 

2,814.00* 

3,029.45 

4,246.02 

7,584.70 

9,942.72 

Quartz 

Gypsum 

Mica 




* By definition. 

For these crystals, the changes in d per degree centigrade, due to 
thermal expansion, were found to be, respectively, 0.11, 0.03, 0.04, 0.29, 
and 0.15 X.U. 

As already mentioned on page 104, these values were accepted as 
being reasonably accurate and satisfactory until the technique of diffrac- 
tion of x-rays by ruled gratings reached a high state of precision. When 
it became possible to compare the spectrum of a particular x-ray source 
as diffracted by a calcite crystal and by a ruled grating, it was found 
that the grating spacing of calcite was about 3.03560 A., not 3.02945 A.^ 
This led to a reinvestigation of the possible sources of error in the values 
of M, iVo, and p in equation (16-12). Among these, Nq was the most 
questionable, since it is not measured directly but calculated from the 
relation 

^ IQeE (16-14) 

where S is the atomic weight of silver, E is the electrochemical equivalent 
(grams electrodeposited per coulomb) of silver, c is the velocity of light, 
and e is the electronic charge. Expressed in words, this relation says 
that the number of atoms per gram atom is equal to the charge carried 
by one gram atom {S/E, often called the “faraday”) of univalent ions, 
divided by the charge carried by one such ion (c). The 10 converts 
coulombs to abcoulombs (e.m.u.), and the c converts the e.m.u. to e.s.u., 
the units in which e is measured. It was finally concluded that the least 
accurately known quantity involved was the eleiitronic charge c. If one 

1 See, for example, J. A. Bearden, J. Applied Phys., 12 , 395 (1941); also, V. L. 
Bollman and J. W. M. DuMond, Phys. Rev., 64, 1005 (1938). 
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takes Bearden’s 3.03560 A. value for dcaioit*, then <irookBait should be 
2.81971 A. Upon inserting this and the best known values of M, p, S, c, 
and E in (16-12) and (16-14), e was calculated to be 4.8024 X 10“^^° e.s.u., 
as contrasted with the hitherto accepted value of 4.774 X 10~^° e.s.u. 
As stated on page 104, the discrepancy was finally traced to an incorrect 
value of the viscosity of air used in Millikan’s oil-drop determination of e. 

If one accepts Bearden’s value for the grating spacing d of calcite, 
one then obtains the following “modern” values for d’. 


Table 16-2. — Grating Spacings in Angstrom llNi'rs at 18°C. 




A. 

Rock salt 

NaCl 

2.81971 

Calcite 

CaCO;, 

3 . 03560 

Quartz 

SiOa 

4.25465 

Gypsum 

CaSO 2 H 2 O 

7.6001 

Mica 

9.9629 




Some investigators prefer to define a “modern x-unit” exactly equal 
to 10~“ cm. In terms of such a modern x-unit, the spacings become 
2,819.71 X.U. for rock salt, 3,036.00 X.IJ. fe)r calcite, etc. Other investi- 
gators object to the confusion caused by having x-units and moderr 
x-units which are different, and insist that the modern values based or 
3.03560 A. for calcite must be expressed in angstrom units. ' 

The wave lengths of the charac.tei-istic. spectral lines, such as the h 
lines of molybdenum and copper, arc listed in most tables in terms of th( 
original Siegbahn x-unit. In the light of the above disiirepancy, thes< 
wave-length tables will pi-obably be revised evc^ntually. For e.xample 
the following values may be listed: 


Tabia'I 16-3. — Wave Lengths 


OP THE ( hlAR.A<:TEUlS'J’I(: TjINES OP 
CloPPER 


Molybdenum ani 




Old XMJ. 

A. 

Molybdomim 


707.831 

0.709271 



712. 105 

0.713553 

W.M. " 

K„ 

709 . 26 

0.71070 



630 . 978 

0.632261 

Copper 


1 , 537 . 395 

1 . 540522 



1,541.2:12 

1 . 544367 

W.M. 


1 , 538 . 7 

1.5418 



1 , 389 . 35 

1.39218 


* W.M. == “ weifthhecl inoiin.” 


^ H. Lipson and D. P. Riley, Nature, 161, 250 (11)43); M. Siegbahn, Nature, 16] 
502 (1943). 
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To obtain modern values of d or X from old ones, multiply the 
conversion factor 1.00203. 


6. Analysis of Rock Salt and Sylvine (KCl) by the Bragg Method, 

At the outset, it should be recognized that the x-ray diffraction data 
alone are in general insufficient evidence from which to determine the 
lattice structure and establish the space group of a crystal. The geo- 
metrical shape of the crystal, its chemical composition, and the syste- 
matic relationships between the crystal structures of related compounds 


are all helpful and often indispen- 
sable factors to consider in determin- 
ing the crystal structure by any of the 
x-ray methods. 






Fig, 16-4. — Diffraction by the cleavage 
planes of a single crystal. 


Fiu, l(K5. -'Tho two e<ivil valent crystal 
positions of an x-rny siK.M*troniet.ei\ 


Placing a rock-salt crystal on the central f.ablc of the; simple (single- 
crystal type) Bragg spectrometer, with one of it,s (100) cu^nvage faces 
containing the central vertical axis of the tal )!('(, one nm,y s(d. ttn* f.ablc 
so that the incident x-ray beam AP (Fig. I()-4) strikes (,h(‘ cryst.a,! face 
MN at a glancing angle 6 of 3 or 4®. The ionizaf.ion chamlMn* is then 
slowly moved around from an angle CPP (Fig. Ki- l) of 5® or so, to 12 or 
15°. If the planes of atoms parallel to the clcsavagi^ rae(‘ hapjxHi. t.o have 
a spacing d that satisfies Bragg’s law for n = 1 and for (.lu^ pari.icrular 
wave length X being used, at the grazing aiigh' 0, n, maxiinum in the 
ionization current will result when the (4iamber r<xieh<‘s tlx* aiigh* CPB 
equal to 26. If not, no such maximum oc<mrs, all, hough a maximum 
may be found at some grcatcM- angle CPB because: of (lilTra<’t ion from 
some other set of planes c.ontaining the zone axis i)arall(4 to the table 
spindle. The angle CPB at which any such maximum occurs is noted, 
as well as the maximum ion current; the ionization curn^nt at several 
slightly greater and slightly smaller angles is also notcxl. To dchermine 
the angle CPB more accurately, readings may })t‘ takem on tlx* otlier 
side at B' , as indicated in Idg. 10-5. Then angh* CPB may 1><‘ taken as 

^ See Nature, 166, 643 (1945) for latest developments; nl.so It. 4'. Uirge* Ani&r 
J. Physics, 13, 69 (1945). 
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half of the angle BPB' . In order to record all the diffraction maxima 
in this manner, it is necessary to repeat this procedure for values of 6 
varying by small intervals (say ^3^°) over the range from 3 or 4° up to 
20 or 25°, by rotating the crystal table after each set of readings. 

This tedious process may be speeded up somewhat by various modifi- 
cations. In the simplest arrangement, the ionization current is led 
directly to an electrometer, which therefore reads the accumulated 
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Ficj. 16-6, — rcfloctionss” from tho (100), (110), and (111) facoa of crystals < 
rock salt, and Hylvinc. {Adapted from W. //. Brafj{/ and W , h. Bragg ^ The Cryatalli't 
State by permission of George Bell & Sons, Ltd., and The M acrnillari Company.) 

charge. Bragg originally operated his tube for an interval of 4 sec. an 
then read the eloctrometei*, then discharge<l it, reset the chamber angh 
turned the tube on for 4 sec. only, again read the electrometer, etc. B 
shunting tho (electrometer (or vacuum-tube voltmeter) with a hig 
resistaiuee (several megohms), the instrument then reads charging rat 
or (uiri'ent, so that the x-ray tube may he operated continuously. TI 
electrometer or vacuum-tube-voltmeter deflecetions may be recorded t 
a light beam on a photographic film moving in synchronism with tl 
chamber swivel so that a graph of intensity versus 9 is automatical! 
])lottcd. 

At any rate, one finally obtains a graph showing the intensity of tl 
x-rays diffracted by the cleavage face planes (100) of the mck-salt cryst 
as a funcition of th(^ glancing angle 6. Then the crystal is sawed off ar 
ground down in su<4i a way as to obtain a (110) face. This new fa 
must intersect a (100) cleavage face alcjng a line parallel to a cube edg 
and the dihedral angle between the two faces must be 45°. The specti 
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record of maxima diffracted by the (110) planes is then obtained as 
before. Finally, a (111) face is obtained by grinding one perpendicular 
to a cube diagonal, and the diffraction maxima from this face are recorded. 
A sylvine crystal is also cubic. It is instructive to compare the spectra 
obtained from one with that obtained from rock salt; therefore, it will 
be supposed that the graphs mentioned above have been obtained for 
both crystals. If molybdenum radiation, filtered out with zir- 

conium, were used, the resulting intensity versus angle curves would 
appear as represented in Fig. 16-6. 

The peaks. A, B, C, D, etc., are superimposed upon a curve that is 
due to the diffuse scattering. The curves for the (100) and (110) faces 
of both rock salt and sylvine show three peaks, ABC, DEF, UK, and 
LMN. If the values 6a, 6b, 6c, etc., of 6 at which the peaks A, B, C, 
etc., occur are substituted into Bragg’s law written in the form 


d = n\/2 sin 6 


on the assumption that X is the 0.71- A. molybdenum K« doublet in each 
case, it will be found that they fit relationships of the following sort, 
within experimental error: 


rd(ioo) 

rd(iio) 

sd(ioo) 

sd(iio) 



X 


2X 

3X 

"" 2 

sin 

~Ta^ 2 

sin 6b 

2 sin dc 


X 


2X 

_ 3X 

"" 2 

sin 

Td^ 2 

sin 6]i; 

2 sin da- 


X 


2X 

_ 3X 

"" 2 

sin 

Ti^ '2 

sin 6j 

2 sin dK 


X 


2X 

_ 3X 

= ^ 

sin 

Tb^ 2 

sin 6m 

2 sin 0 jsf 


(16-15) 


where the subscripts r and s refer to rock salt and sylvine. This indi- 
cates immediately, without much room for doubt, that each of the four 
groups of three peaks ABC, DEF, UK, and LMN are the first-, second-, 
and third-order (n = 1, n = 2, n = 3) diffraction maxima of the 
molybdenum Ka doublet diffracted from the (110) and (100) planes. 

Also, it is found that, within experimental error, 


rd(l00> ^rd(iio) :rd(in) 
«d(io()) :sd(iio) 


XXX 

• , — • 

2 sin 6a ■ 2 sin 6^ ' 2 sin dji 
X X X 

2 sin 6i ■ 2 sin 6b * 2 sin 6p 


1 : - 

V2 

1- -i- 

\/2 


1 


_L 

V3 


(i()-i()) 


This indicates that there exist in these crystals atomic planes parallel 
to the (100), (110), and (ill) faces having spacings respectively pro- 
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portional to 1, l/'\/2, and l/\/3- This is what one might expect in a 
simple cubic type of lattice, as may be seen by considering Fig. 16-7. 
If the faces of the elementary cubes in this figure are (100) planes, then 
ABCD in (a) is a (110) plane and ABC in (h) is a (111) plane. If the 
cube edge [which is the distance between (100) planes] is supposed to 
have a length g, then the distance MO in (a), which is the distance 
between adjacent (110) planes, obviously has a length g/-\/2 since it is 
half the distance OP, which has a length of g by the Pythagorean 
theorem. Likewise, adjacent (111) planes in {b) are ABC, DBF, and 
planes parallel to them through O and P. Thus these planes divide 
the cube diagonal OP (which has a length of -s/S g) into three equal 
parts, any one of which, such as OM, is therefore equal to g/s/Z. 


D F C 



At this point, it begins to appear that the crystal lattices of rock salt 
and sylvine might be simple cubic arrays of atoms, as represented in 
Fig. I ()-7. This is especially true of sylvine ; Q turns out to be the second- 
oi’der maximum corresponding to peak P if the latter is a first-order 
maximum, which it might be, for O is such a slight irregularity that its 
signilicance is doubtful. However, the (111) curve for rock salt (Fig. 
1 (>-()) fails to fit into this theory. (1) It shows no second-order peak 
c.oi-nwponding to the first-order peak H, if indeed H is a first-order peak. 
(2) If itself is located at an angle 6 where a second-order peak would be 
(expected if the small peak G is regarded as a first-order maximum. 

Coasting about for a likely cubic arrangement of the sodium and 
chlorine atoms that might account for all the observed maxima, one 
might consider a structure of the type proposed by Barlow (page 317) 
and shown in Fig. 10-8. In this figure, (a) represents the face-centered 
arrangement of atoms discussed in Sec. 14-9. It might be supposed 
that the sodium atoms could occupy the positions represented by the 
solid dots. A logical way to fit the chlorine atoms into such a structure 
would be to imagine them arrayed in the same way, as represented by the 
open circles A' B'C'D'E'F'G'H' in (6), and then shove the two lattices 
together so that th(\v intormesh as shown in (c) and extended in (d). 
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In a structure of this sort, if the distance MN in Fig. 16-8d is called 
g, then the remarks already made regarding Fig. 16-7 are still valid, thus 
accounting for equations (16-15) and (16-16). Furthermore, the (100) 
and (110) planes are seen to consist of a 50-50 mixture of Na and Cl 
atoms, but the (111) planes consist entirely of Na or entirely of Cl 
atoms in alternation. Supposing that the chlorine atoms (atomic number 
17) scatter the x-rays more effectively than the sodium atoms (atomic 


U G h' G' 



number 11), the type of diffraction maxima to be expected may V)e 
deduced with the aid of Fig. 16-9. Here the solid lines in (a) and (6) 
represent the similar planes in the (100) and (110) families, and the 
alternating solid and dotted lines in (p) represent the unlike planes in 
the (111) family. If one supposes that the solid planes scatter x-rays 
twice as effectively as the dotted ones, it follows that the first-order 
Bragg diffraction maximum should correspond to a d value of 2g/-\/3 

rather than g/y/Z. However, it will be relatively weak; for the wave 
crests returning from the solid planes will coincide with the wave troughs 
returning from the dotted planes, and the amplitude of the i-csultant 
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wave will be only the difference in the amplitudes of the two component 
waves, whereas the second-order maximum will be strong, because in 
this case the two sets of component waves add up. The third-order 
maximum, weak to begin with, will be further suppressed, so that it 
may not even be detected. 

This is just what is observed in Fig. 16-6 — a weak first-order peak G. 
a strong second-order peak H, and the third-order peak missing. Thu£ 
all the peaks for rock salt agree with the theoretical predictions from f: 
structure of the type postulated in Fig. 16-8d. This being the case 
what does Fig. 16-6 indicate about sylvine structure? As noted or 
page 343, the position of peaks P and Q are those to bo expected for i 


9 

VI 



( 100 ) 

(a) 


( 110 ) 

(b) 


( 111 ) 

(c) 


Fig, 16 - 9 .-'^Adjaeent atomic. are alike in snine sets; iinliko in others. 

simple structure as in Fig. llowevcn*, the structure of Fig. 16-8 

degenerates to simple (uibic, so far as x-ray diffraction is concerned, 
the circles and dots hav(> ecpial scattering power for x-rays. The atom 
numbers of potassium and chlorine are 19 and 17, respectively, and tl 
ionic character of the crystal discussed in the following paragraph resul 
in a structure of K* and Cd~ ions, each having 18 electrons and hen( 
practically ecpial x-ray scattering power. The physical and chemic 
similarity of rock salt *and sylvine, combined witli the x-i-ay evidenc 
therefore leads to the conclusion that sylvine has the same type of stru 
ture as rock salt. 

The analysis thus shows that the unit ctill of tliese two (crystals is tl 
cube of etlge length a {a — 2r/, Fig. J()-8d). The value for a for rocik st 
is (ialc.ulated as explained in the preceding sec.tion. Thus, the d valu 
in equations (16-15) and (16-16) being known, \ can be calculated, if 
is not alrcuidy known. The ( 100) spacing for ro(‘.k salt that was assign' 
the standard value of 2,814 X. U. by Siegbahn is now seen to be identic 
with g in the present discussion, so that the lattice constant a for ro 
salt is evidently 5,628 X.U. Knowing X and B, from equations of t 
type (16-15) one may readily calculate that the lattice constant f 
sylvine is 6,280 X.U. lloth unit colls contain four atoms of Na (or 
and four atoms of (4. As a matter of fact, these crystals are call 
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‘‘ionic crystals” because the experimental evidence indicates that the 
valence electron ordinarily associated with each sodium (or potassium) 
atom departs from it and attaches itself to one of the chlorine atoms, so 
that the crystal thus consists of Na+ (or K+) and Cl~ ions. There are 
no NaCl (or KCl) molecules in the crystal in the ordinary sense because 
each Na+ (or K+) is surrounded by six equidistant Cl~ neighbors, no 
one of which can be singled out and claimed to “belong” to it; the same 
is true regarding each Cl~ surrounded by its six Na+ (or K+) ions. 

The coordinates of the Na (or K) ions in the unit cell are 000; i-g-O; 
i-Oi; and O^i. Those of the Cl ions are 00^; 0^-0; and ^00. This 
structure is the fifth variety of symmetry (as classified by Schoenflies) 
of the group of crystals having holohedral cubic symmetry, and hence 
rock salt and sylvine both belong to the space group designated as 0%. 

In the application of the simple Bragg method to the analysis of 
crystal structure, the precision required in determining the angles d at 
which the maxima occur is rarely if ever so great that one need consider 
the effects of the refraction of the rays as they enter and leave the crystal 
(Sec. 15-5). In precision x-ray spectroscopy, this correction should be 
made. The simple Bragg method of crystal analysis is seen to be rather 
a game of cut and try or trial and error. This characteristic is partly 
eliminated in the modern extensions of the method (see Sec. 11). These 
modern extensions are cumbersome, however, and for this reason one 
usually resorts to them only in the analysis of the more complex crystals. 
The crystal structures of all the more common chemical compounds have 
been tabulated by Wyckoff.^ He gives the space group, unit cell, 
dimensions, arrangement of the atoms in the cell, and, in many instances, 
diagrams. 

6. Suppressed Reflections and the Reflections for the Seven Crystal 
Systems. In the preceding section, it was seen that the first- and third- 
order Bragg diffraction maxima, commonly call’ed Bragg “reflections,” 
from the (111) planes were weakened in the case of rock salt and prac- 
tically eliminated in the case of sylvine. The concept of the Bragg 
reflection is on no account to be confused with true x-ray reflection, 
which was discussed in Chap. 6. In terms of the notation usually 
employed to designate these reflections, (222) refers to the second-order 
reflection from the (111) planes, (330) to the third-order reflection from 
the (110) planes, etc. According to this convention, one thinks of the 
second-order reflection from the (100) planes, for example, as a first- 
order reflection from a fictitious set of (200) planes having half the inter- 
planar spacing of the (100) planes. In the preceding section, one would 
say that the (222) reflections (H and P, Fig. 16-6) were present, but 

^ R. W. G. Wyckoff, “The Structure of Crystals,” 2d ed., 1931, supplement, 
1935, Reinhold Publishing Corporation, New York. 
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( 111 ) and (333) were weakened or suppressed by destructive interferen< 
as explained from Fig. 16-9c. Suppression of certain Bragg refiectio 
often results from a change in lattice type, as when a centered (that 
body-centered, face-centered, or end-centered) lattice is substituted \ 
a simple lattice.^ 

This may be illustrated in a diagram by limiting the problem to t' 
dimensions. In Fig. 16-lOa, a sim- 
ple rectangular two-dimensional 
lattice is shown. Here, MN, PQ, 
and RS are three adjacent ( 12 ) lines 
(planes become lines in a two-dimen- 
sional lattice). Figure 16-106 repre- 
sents the same lattice centered.” 

That is, the circles shown have been 
added at the centers of the rectangles 
formed by the dots of the original 
lattice. It will be noticed that this 
creates a new set of ( 12 ) lines repre- 
sented by the dotted lines inter- 
spersed between the original solid 
( 12 ) lines. In terms of Bragg reflec- 
tions from these ( 12 ) lines, the odd 
orders will be completely suppressetl 
if the dots and circles repr-eseiit identical atoms or reduced in intensit 
the dots have a different x-ray scattering power than the circjles. In ot 
words, the original (12), (36), etc., reflections will be suppressed. 

For a simple cubic lattice there are no suppressions, and the Br 
reflections (hkl) to be expected are given by the formula 



raj 


Fia. 16-10. — Showing liow nenterod 
tices suppresw some Bragg reflectior 




a 


+ P 


(16- 


where all possible sets of integral values of the indices h, k, and I 
inserted. These reflections imdude all the differoi't orders of reflect 
for all possilfle sets of planes (hJcl) in a simple cubic lattice. The ref 

tions correspond to a sei-ies of d values in the ratios — — ^7 - 

VI V2 V3 

(^tc. Only reflections c-orresi)onding to -- !. -j — ]=.-} c 

V5 V7 VI 6 V 23 V31 

will be missing, not because of su])pression, but because they do not e 

^ 'this topic i.s ab.ly cli.scuHao<l unclor th(5 title Space (Jroiip Extinction by IV 
Buerger, “ X-ray OyHtallography,” .John Wiley <fe Sons, Inc., New York, 1942. 
term “suppression” has been used here to avoid possible confusion with the c 
u.se of the term “extinction,” as in See. 15. 
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geometrically, since no integral values can be assigned to h, k, and L 
that will make P equal 7, 15, 23, 31, etc. One may substitute 

the various d values given by (16-17) into the Bragg formula, always 
setting n = 1, and thus calculate for a given X the various Bragg angles 9 
at which the reflections will be found for a simple cubic lattice. 

In the case of a face-centered (not necessarily cubic) lattice, the sup- 
pressions permit the appearance of only those Bragg reflections for which 
h, k, and Z are all even or all odd. Thus the reflections permitted in a 
face-centered cubic lattice correspond to a series of grating spacings in 

the proportions etc., since odd or even values for 

Vs V4 Vs vn 

h, k, and Z will yield only such values as 3, 4, 8, 11, etc., for h'^ -}- k'^ -|- 
in equation (16-17). Thus, face-centered lattices are said to yield reflec- 
tions having “unmixed indices.” 

In the case of a body-centered (not necessarily cubic) lattice, only 
reflections for which h k I is even occur, the others, for which 
Ti -h Zc -b Z is odd, being suppressed. Thus the reflections permitted in 
a body-centered cubic lattice correspond to spacings in the proportions 
1111 ^ 

■\/2 V^ V^ Vs 

In an end-centered prismatic (centered on its c end) lattice, only 
reflections for which h k is even are permitted. If the lattice is 
centered on the a side, k I must be even; if centered on the b side, 
h I must be even. 

A diamond has a cubic structure different from any of these; for this 
type of lattice, the reflections correspond to spacings in the proportions 
11111111 

Vs' Vs' Vn' VTe' VI9' V^' V^' V§2' 

To determine which reflections are missing, it is necessary to know- 
first which ones are to be expected in the case of a simple lattice with a 
primitive^ cell. Starting with (16-17) for the cubic system, tlu^re are 
the following formulas giving the reflections from simple primitive 
holohedral lattices in the seven different crystal systems: 

Cubic : 


’ v^ 


is missing in this series. 


Tetragonal: 



(16-17) 

(16-18) 


^ Footnote 1, p. 315. 
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Orthorhombic : 

1 

dhki — 


Hexagonal, hexagonal: 

d-hkl = 


1^ 4- 4- i! 


/I. 

\3a2 


(^•2 -^hk + k^) 4 - ~ 


(16-19) 


(16-20) 


Hexagonal, rhombohedral : 

a -s/ \ + 2 cos® a; — 3 cos® <x 


dhhl — 


+ /<■*“ -f Hin® o: H- 2ihk + hi 4- /c/)(cos2 a - cos a) 

Monoclinic : 


Triclinic : 


dfiki == 


1 


Ih^ , 2hl 

;2 + Ti ~ ~ . cos jS 
r (■“ ac 


(16-21) 

(16-22) 


^ 6® 



' h 
a 


c.os y C'Os (3 


k , 

r- 1 c-os tv 

b 


- cos cx I 
c 


+ i 


1 /O 

1 — cos p 

a 

k 

<H)S Y V 
1) 

(H).S iS - 1 

c 


+ ' 
c 


, /i 

1 cos y “ 
a 

k 

cos Y I T 
0 

cos 8 cos a - 
c 


1 cos y cos 
cos 7 1 cos oc 

c.os jS cos oc I 


(16-23) 


Having calculated and indexe<l t.he spacings to be expected from the 
assumed simple primitive c(dl, acc.ordiug to the appropriate equation 
above, one tlum c.omi^an^s this list with the list of spacings indicated by 
the observtul r(hlec*tions and thus determines which reflections are sup- 
pressed and, fr(jm this, wlud.her the cell chosen is primitive, doubly or 
triply primitive, fiK^e-c.entered, body-centered, etc. From this type of 
analysis, sup])l(mi(mi,(Hl by any other j^xu'tineut information that may be 
available, the space group may finally be determined. The suppressed 
reflections in the' (iommonest cubic types of crystal may be represented 
in convenient diagrammatic, foi-m, as shown in P’ig. 18-7. 

7. Parameters in the Unit-cell Configuration. The atoms are by no 
means always situated at the (corners, at the center, or at the face centers 
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of the unit cell. This situation is characteristic of only tlio simpler 
types of compounds, and even some of the elements^ require the use of 
parameters to specify the coordinates of the atoms in the unit cell. In 
the simple compound FeSa, for example, crystallization sometimes occurs 
a jy in the orthorhombic form but more 

commonly in the cubic form called 
iron pyrites (fool’s gold), the space 
group being and the lattice con- 
stant a, 5.41 A. In these crystals, 
the sulfur atoms have a face-centered 
cubic structure, but the iron atoms 
are arranged differently in adjacent cubes so that these cubes are not unit 
cells. The arrangement requires the introduction of a ^‘parameter” u to 
specify the positions of the sulfur atoms when the iron atoms are given 
their logical places in the unit cell. 

In general, crystals having a structure requiring the use of parameters 
to locate the atoms in the unit cell will fail to yield any systematic series 
of reflections like ABC, DBF UK, LMN in Fig. 16-6. Instead, the 


Fig. 16-11. — Illustrating complex arrange- 
ment of some sets of atomic planes. 


(100) (111) 


BbS SBeS S Fe 

For n I J), soJfd fines =Fe; dashed fines -§S; 
doffed fi nestis 

Fig. 16-12. — Spacings of principal atomic planes in pyrites, as deduced by Brag^. CU>ur- 
teay of Sir W. L. Bragg, George Bell & Sons, Ltd., and The Macmillan Company.) 

reflections from all faces may show suppressed reflections like G, (), etc., 
for all the principal sets of planes have a complex arrangement in whi<^li 
successive planes are spaced in a narrow-wide-narrow-wide seqiiomro, as 
in Fig. 16-11. Although a diamond crystal has a cubic structure readily 
describable without the use of parameters, its (111) planes have a (com- 
plex arrangement of this type, in which j) = 4q (Fig. 16-11). Tlu^ ellect. 
of this on the Bragg reflections can be readily deduced by imagining 
x-rays of wave length equal to p incident perpendicularly on th(NS(‘ 
planes. Then the planes spaced p apart will “reflect” the waves in 
phase, but the planes spaced q = ip apart will reflect equally inten.s(‘ 
waves exactly out of phase with them, thus completely supprcNssing'- th(^ 

antimony, arsenic, bismuth., gallium, iodine, s<^loiiiuni, siixl 

lurium. 

A very weak (222) reflection is observable, the generally aeeept<^<l reason being 


(IIO) 


FeSf i FeS f f FeS 
S/2 S/2 
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(222), that is, the second-order (111), reflection. Similar reasoning 
leads to the conclusion that the first-, third-, and fourth-order reflec- 
tions from this set of planes should be present, all of which agrees with 
observation. 

To return to the discussion of iron pyrites, Fig. 16-12 represents the 
spacing of the principal sets of atomic planes (100), (110), and (111), as 
deduced by Bragg. Here, all the principal sets of planes are seen to have 
a complex arrangement, resulting in suppressed reflections from each 
set. The “unit-cell configuration,” that is, the coordinates of the atoms 
in the unit cell of this crystal, may be given thus : 

Fe: 000; i-^O; i-0^; 0^ 

S: uuu] u ^ — u, u; u, u j[ — u; ^ — u, u, u + -g-; uuu; — u, 
u u) u, ^ u u u, ^ — u 

where u is about 0.40. In some of the more complex compounds it is 
necessary to introduce a dozen or more of these 
parameters in order to specify the crystal 
structure. 

8. The Relationship between the Hexagonal 
and Rhombohedral Lattices. Formulas (16-20) 
and (16-21) raise the question of the relation 
between hexagonal and rhombohedral lattices. 

It was stated in Chap. 14 that they are related, 
but the relationship was not explained. Figure 
16-13 represents a hexagonal point lattice re- 
ferred to a triply primitive rhombohedral line 
lattice. For such a unit cell, having unit axes 
A\, A 2, and A 3, all of the same length and same 
included angle a = ^ = y = <a, only those re- 
flections predicted by equation (16-21) for which 
h-\-kA-l is divisible by 3 will occur, the others 
being suppressed. The crystals in the rhom- 
bohedral division of the hexagonal system are 
more conveniently desc.ribed by referring them 
to a rhomboliedral lattice in this manner. 

Those in the hexagonal division are more con- 
veniently referred to hexagonal axes, ai, an, and 
c in Fig. 16-13, their rcvflections being given by 
equati on ( 1 6-20) . 

that the four strong homopohir bonds between each atom and its four nearest neigh- 
}>or8 distort the electron cloud around each atomic nucleus so that it acquires non- 
sphericiU symmetry. 



Fig. 16-13. — Relation 
between hexagonal and 
rhombohedral lattice. (Re- 
printed by permission, from 
''X-ray Crystallography," by 
M. J. Buerger; published 
by John Wiley & Sons, Inc.) 
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9. The Atomic-structure Factor. Even in the simplest types ' 
analysis by the Bragg method, as exemplified by rock salt and sylvin 
it is evident that the intensities of the diffraction maxima are almost j 
important a factor to be considered as their angular position. Wh€ 
the diffraction maxima are recorded photographically, with a spectr< 
graph instead of a Bragg type of ionization spectrometer, this kind < 
analysis calls for the use of a microphotometer to estimate the intensiti< 
of the lines on the film. 

The preceding sections have shown how the distances between tl 
atomic planes in crystals may be deduced by the simple iiragg metho< 
Experiments along various lines, including x-ray diffraction, indical 



eeeee' 


Fig. 16-14. — Showing interference between x-rays scattered by variouH electrons in j 

atomic plane. 

that the diameter of the atoms in a crystal is of the same order of magn 
tude as these interplanar distances. Thus the analogy t)f stacked hal 
(page 312) is a reasonably accurate picture in this respect, d'his beiii 
the case, one may refer to Fig. 16-14 and to Fig. 15-4 for comparisc 
and see that an accurate theory of x-ray diffraction must include a coi 
sideration of the interference effects between rays scattered from olecdroi 
near the center of the atoms in a lattice plane and rays scattcu-ed froi 
electrons near the periphery of these same atoms, as mentioned in tl 
last two paragraphs of Sec. 2. 

If AB (Fig. 16-14) is a crystal lattice plane containing the cente 
of the atoms ordinarily described as lying “in” this plane, tlien I 
reasoning like that on page 324 it follows that rays siK^h as NQ difTra(4,< 
by electrons such as N, located a distance x below this plane, will h 
behind rays such as MP diffracted by electrons such as M located in tl 
plane, the path difference being 2x sin 6. In the present discussion, or 
cannot argue, as before, that if this path difference is then ra; 

scattered from a plane lOx below plane AB will cause complete destru 
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tive interference, for there is no repetition of structure at interva 
as there was before at intervals of d. This being the case, one is ji 
in adding the amplitudes of the wavelets of various phases scatte 
the various electrons at the distance x above or below the gr 
lattice planes in question, for example, the (100) planes. 

Suppose one now considers a single atom containing Z electronj 
Z is its atomic number. If 5 is the phase difference between a ^ 
scattered by an electron in the plane AB and a wavelet scatterec 
electron a distance x below it, then the contribution JS7* of the h 
the amplitude of the former wavelets when the two are added 
the amplitude of the resultant wave in phase with the former is^ 

Ex = Ea cos 5 


The path difference between the two is 2x sin d, as already stat 
this is X, the phase difference 5 is 27r; if it is X/4, 5 = ■»r/2, etc. 


Hence 


^ 2x sin 6 ^ 4xa; . 

3 = 2x = sin e 

A A 


Ex — Ea COS 


/ 4xrc . - 


) 


The probability that one of the electrons in the atom will be 
in the layer between the planes x =■ xq and x = rro -i- dx is prop< 
to dx, but it also decreases as Xo increases, or one may say that i 
proportional to an unknown function p(xo). Thus this probal 
proportional to p(x) dx where Xo is now regarded as a variable r 
contribution of the wavelets scattered by such electrons in the 1 
to the resultant amplitude will be 


p(x)Ea cos 


/ 4xx 


sin d 


) 


dx 


To get the amplitude Er of the resultant wave from the whole 
radius R, one must tiion integrate over the range from x = 
X = -jrR for all Z elecd.rons, obtaining 


Er 



COS 



dx 


In Sec. 2, Thomson’s expression was given for the amplituc 
P of the wave coherently scattered by a free electron O from an : 
primary ray AO polarized perpendicularly to the plane AOP and 
amplitude Eq at O. It was 


P' = Ei, 


rmc^ 


I 


1 See, for example, F. A. Jenkins and K. E. White, Fundamentals of 
Opti<;s,” p. 33, M<d Jraw-Hill Hook Company, Inc., New York, 1937. 
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where r = OP. When this was converted into intensities I (which are 
proportional to the square of amplitudes E), the resulting expression was 




1 + COS^ (j) 
2 


(16-7) 


where the expression 1 -f- cos^ 4>/2 arose from the consideration of 
unpolarized instead of polarized rays. For this reason, 1 -|- cos^ 4>/2 is 
commonly called the “polarization factor ” (P.F.). It is to be noted that 
0 in Sec. 2 equals 26 in the present discussion of Fig. 16-14, so that 


P.F. 


1 -h cos^ 26 
2 


(16-27) 


In mathematical treatments of x-ray diffraction, it has been customary 
to neglect the polarization factor when dealing with amplitudes E and 
then to insert it at the end of the calculation when one is ready to convei*t 
to intensities I by squaring. In the following discussion, this convention 
will be followed, but one should not lose sight of the fact that the equa- 
tions expressed in terms of amplitude E apply, strictly speaking, only 
to polarized waves; yet one can convert them to equations in the expei- 
imentally measurable intensities I at any time by merely squaring and 
multiplying by the polarization factor. On this basis, equations (16-2), 
(16-3), and (16-6) become simply 

(16-28) 

rmc^ V j 


The substitution of (16-28) in (16-26) yields 


Er 


rmc^ *' 


(16-29) 


where /is a quantity known as the “atomic-structure factor” or “atomic- 
scattering factor” given by 




cos 


( 4Trx 

T 


sin dx — ^ 


El 

E, 


In words, the atomic-structure factor is the following ratio: 


amplitude at any point P of the coherent (polarized) 

radiation scattered from an atom at rest 

amplitude at P of the coherent (polarized) radiation 
scattered by a free electron 


(16-30) 


(16-31) 


Here the denominator is taken conventionally as simply (10-28) because 
both Thomson's classical theory and modern wave mechanics yield this 
expression for small values of 6 or <j>. 
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This factor / is a function of sin d/\, and it approaches Z for small 
values of B, as may be seen from the typical / curves in Fig. 16-15, In 
general, it decreases rather rapidly as B increases, the fall being at a con- 
siderably slower rate for heavy atoms than for light ones, however. At 
small angles, the amplitude of the waves scattered by an atom is nearly 
proportional to its atomic number. The curves in Fig. 16-15 were 
computed by James and Brindley,^ using wave mechanics. The upper 
curve is for a positive potassium ion and the lower for a negative chlorine 
ion, as in a sylvine crystal. Since the atomic numbers of K and Cl are 
19 and 17, respectively, both these ions 
have 18 orbital electrons, so that both 
curves show the same / value of 18 for 
0 = 0 . 

The words '‘at rest” were inserted in 
the definition of / because the wave- 
mechanical computation of / usually 
neglects the effects of the thermal vibra- 
tion of the atom. The / as calculated 
and listed in tables is ordinarily for atoms 
at zero absolute temperature, that is, for 
atoms at rest. This / is therefore some- 
times designated by /o, the subscript 
serving to remind one that the tempera- 
ture correction remains to be made before 
an accurate value of / is obtained. The 
/o values for some of the commoner atoms 
and ions are listed in Table 16-4, as given 
by James and Brindley. These were calculated from the theoretical worl 
of Hartree, Pauling and Sherman, Thomas and Fermi, and others. A 
ordinary temperatures, the Bragg reflections are weakened slightly b; 
the thermal vibrations of the atoms. According to Waller and James, 
the temperature correction for / for cubic crystals® like NaCl may b 
expressed as follows: 

Bin*-* 0 

f = foe (16-32 



Fig. 16-15. — Atomic structure fao 
tors of K"** and Cl“ ions. {Jame 
and Brindley. Courtesy of The Roya 
Sodely.) 


where e is the Napierian log base and is the mean square displacemen 
of the atoms in a direction perpendicular to the reflecting planes such a 
AB in Fig. 16-14. At and above ordinary temperatures such as 0°C., w® i 
nearly proportional to the al)Holute temperature. At ordinary tem 


^ R. W. James and G. W. Brindley, Proc. Roy. Soc. (London) A, 121, 166 (1928 
from wave functions computcid by D. R. Hartree. 

® I. Waller and R. W. James, Proc. Roy. Soc., A, 117, 214 (1927). 

® For the general case, see p. 365. 
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Table 16-4.* — Atomic-structure Factors at Zero Absolute Temperature 
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0. 

00 
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35 
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24 

0 

18 

0 

14 

0 

ED 

0. 

09 
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96 
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.3 
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3 
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peratures one may regard / and /o as practically identical in crystal 
analysis. 

In Table 16-4 the structure factors for cesium {Z = 56) are given 
for values of sin d/\ up to 2.0, X being in angstrom units in all cases. 
The atomic-structure factors for the heavier elements above 2' = 65 
may be calculated quite accurately by multiplying the /o values for 
cesium by Z/55. 

10. The Crystal-structure Factor. The preceding section was con- 
cerned with the amplitude of the x-ray wave coherently scattered by a 
single atom in terms of the scattering from a single electron. The 
concept of the atomic-structure factor there developed can be carried 
one step further so as to apply, not to a single atom, but to all the atoms 
in the unit cell of the crystal. One thus arrives at a “crystal-structure 
factor” F, which is closely related to the experimentally measurable 
intensities of the diffracted x-ray beams. This factor F plays an essential 
role in the Bragg analysis of complex crystals. It is defined as the follow- 
ing ratio: 

amplitude of the coherent (polarized) radiation diffracted 
in a particular Bragg reflection {nh, nk, nl) by all the atoms 
y _ in the unit cell, measured at a distance r from the cell 
~ amplitude of the coherent (polarized) radiation scattered 
by a free electron, measured at a distance r from the 

electron 

T'his factor may be expressed mathematically by the relation 

F = Zf, , ^ 2 irm ( /ijr /+ J « j ) 16-34) 

3 

where/,- is the atomic structure of the jth atom in the unit cell, i = \/ — 1, 
and n is tlie order of the Bragg reflection (nh, nk, nl) from the planes 
(hkl) of a crystal having a unit cell in which the atoms are located in the 
usual manner (for example, 000; -j^O; i^O^, and 0-^ for the Na ions in 
NaCl) by coordinates Xj, yj, Zj expressed as fractional parts of the cell 
dimensions a, h and c. The derivation of (16-34) is necessarily rather 
involved' because it entails the addition of the amplitudes of the wavelets 
scattered by each of the j atoms in the unit cell, each having fractional 
coordinates specified only in a generalized way as Xj, y,, Zj. In adding 
these amplitudes, the phase differences of the wavelets must be con- 
sidered, and for this reason the general expression is complex; that is, it 

^ Equation (16-34) is derived as equation 5.34 (page 353) in the book “X-rays 
in Tlioory and Practice” by A, H. Crompton and S. K. Allison, 2d ed., D. Van Nostrand 
Company, Inc., New York, 1935. See also the discussion following equation 6.103 
on page 445. 
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is partly imaginary,^ However, the imaginary parts of F cancel out for 
all crystals having a center of symmetry, and this includes nearly all of 
them. In , the rather rare cases where F is complex, the intensities 
I of the diffracted beams calculated from the F values will be real, 
nevertheless. 

The following examples of the application of (16-34) to a few simple 
crystal types should allay any doubts regarding the usefulness of the 
equation, which appears rather cumbersome at first glance. 

1. What are the crystal-structure factors for the (100), (HI), (200), 
and (220) Bragg reflections from a rock-salt crystal? 

Let /n* = atomic-structure factor of Na+ and /ci = atomic-structure 
factor of Cl~. 

In the unit cell of rock salt, the coordinates of the Na atoms are 000; 
iiO; iOi; OM; while those of the Cl atoms are OOi; 0^0; iOO. That 
is, for atom 1 {j = 1)^ x = 0, y = 0, and s = 0; for atom 2 {j = 2), 
^ = T) 2/ = z = 0; for atom 8 (J = 8), x = ^, y — 0, and z = 0. 

For the (100) reflection, h = 1, k = 0, and Z = 0, of course. In this 
case, (16-34) becomes 

F(IOO) = -h e2iri(i+0+0) _j_ g2iri(i4-CH-0) _j_ gSTri (CH-O-J-0) j 

-j- + e^xiCOH-O+O) _j_ gZiriCO+O+O) _j_ g27ri(iH-tH-0)j 

= /n*( 1 + -h e” -f- 1) -h fci(e'^ + 1 + 1 + e^) 

= /Na(l -1-1 + 1) +/a(-l + 1 + 1 - 1) = 0 

The fact that = —1 follows from footnote 1, below. The zero 
value found for F(IOO) indicates that no (100) Bragg reflection is to be 
expected for rock salt, and this agrees with experiment. In a similar 
manner, one has 

F(lll) = /Nft(l + 1 + 1 + 1) + /ci( — 1 — 1 — 1 — 1) = 4(/Na — fai) 

F{200) = /Na(l + 1 + 1 + 1) + /cl(l + 1 + 1 -1- 1) = 4(fNv. + fai) 

F(220) = /Na(l + 1 + 1 + 1) + /cl(l + 1 + 1 + 1) = 4(/Na + fd) 

Thus one should expect no first-order reflection from the (100) planes 

and a weak first-order reflection from (111) but strong second-ordcM* 
reflections from (100) and (110) in rock salt. This agrees with experi- 
nient. This type of calculation applies to all crystals having the NaC'l 
type of structure. 

2. Derive the law of unmixed indices (Sec. 6) for chemical elements 
with a face-centered cubic structure. 


unfamiliar with the exponential representation of cjomplcx quantit.ic.s, 
the following general mathematical relationships will be found helpful: 


e 


iy 


p—iy 


cos y — i sin y 


— cos 2/ -f- -1 sin y 


and 
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The coordinates of the atoms for such crystals are 000; ii-0; iO^; Oii. 
Honco 

Jp = -j- ^■JrniCA.-hA:) _|_ 


This expression equals 4/ when h, k, and I are all odd or all even, but it 
equals zero when /i, /c, and I are mixed. 

3. Show that the (200) and (222) reflections should be missing for a 


diamond. 

The coordinates of the carbon atoms in the unit cell are 000 ; ^0 ; -^0^^ ; 


0-^; i 4 4' 7 


3 3 1. 


3 13. 
TTTt 


13 3 
TTT- 


i?^(200) 

F(222) 






= /c(e° + + e° + + e 

= /c(l + 1 + 1 + 1 - 1 - 1 - 1 - 1) = 0 

— /c(e® + e'*” + + e‘ 

= /c(l + 1 + 1 + 1 - 1 - 1 - 1 - 1) = 0 


_|_ g7ri) 


4. Calculate F(135) for ZnS. 

In the unit cell of this crystal, the coordinates of the zinc atoms are 
000; Oli-; iOi; iiO, while those of the sulfur atoms are-i-H-; iff ; lif ; -Hi- 

9 . ^ . 21 . 17 . 

F(135) = /zn(e° + -j- + e^”) + /s(e^ + 

= 4/zn + fa (cos fir + cos -b cos + cos -^Tr) 

4- ifa (sin fTr + sin + sin + sin -y^r) 
= 4/zn + 0 + 4ifB = 4(/z„ + ifs) 

In this case, /zn and ifa should be regarded as two vectors at right angles 
to each other, so that the parentheses represent the vector sum. By the 
Pythagorean theorem, this is 

//’(1 35) = 4 Vn. +'il 


11. Integrated Reflections, or Coefficients of Reflection. The two 

preceding sections have described two of the three links in the theoretical 
chain enabling one to calculate the intensities of the x-ray beams dif- 
fracted by a crystal having any assumed or known type of structure. 
The first two links are the factors / and F. The final link is the rela- 
tionship between F and the actual intensities I. The examples in the 
preceding section have shown that, for many ordinary purposes, a 
knowledge of F alone is sufficient, without recourse to the relationships 
to be considered in this section. 

The energy in an x-ray beam diffracted from a crystal may be meas- 
ured experimentally by comparing it with the energy in the primary 
beam, by means of a Bragg double-crystal spectrometer of the type 
shown in Fig. 16-2. If E is the total amount of energy “reflected” from 
the crystal B (Fig. 16-2) when it is slowly rotated through the correct 
angle da to diffract the /ith-order beam into the ionization chamber 
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from its (JikV) face (as measured by the total charge in coulombs that 
passes through the chamber during this process), if co is the angular 
velocity of this slow steady rotation of the crystal in radians per second, 
and if I is the energy per second entering the ionization chamber when 
it is lined up so as to receive the direct beam from crystal A with crystal 
B removed (as measured by the ionization current in amperes or in 
coulombs per second), then the integrated reflection R is given by 



(16-35) 


This quantity R, called the ‘^integrated reflection” by Bragg and the 
“coefficient of reflection” by Compton, is an experimentally measurable 
quantity proportional to the intensity of the diffracted x-ray beam for 
which it is measured. That is, if the integrated reflection 22(200) for 
the second-order beam from the (100) face of a crystal is 16 X 10“®, 
whereas the integrated reflection 22(333) for the third-order beam from 
the (111) face of the crystal is only 8 X 10“®, then the former beam is 
twice as intense as the latter. Since 22 always applies to a particular 
Bragg reflection (MZ), it is usually written R(hkl). 

It has already been stated that the amplitude of the x-ray wavelet 
coherently scattered by an electron is proportional to e^/mc^ and that 
this must be multiplied by F to get the amplitude of the scattered wavelet 
from a unit cell. The amplitude of the wave scattered per unit volume of 
the crystal should then be closely related to the quantity Ne^F{hkl) /mc^, 
where N is the number of unit cells per cubic centimeter. Squaring 
this and multiplying by the polarization factor (16-27) should give an 
expression proportional to the intensity, as already mentioned, and there- 
fore proportional to the integrated reflection 22, as just defined. Thus 

one should expect 22 to be proportional to FQikJ)\ 1 cos^ 26 

\ rmr / 2 

any given wave length X of the primary x-rays. The complete mathe- 
matical analysis involves a consideration of the mosaic structure of the 
crystal (Sec. 16) and extinction effects (Sec. 15). Out of it, there 
emerges^ an additional factor XVsin 2$. Thus R(hkl) is proportional to a 
quantity Q given by 


^ _ (NeW{hkl)\ 
^ \ mc^ ) 


1 + cos*-^ 26 


sin 26 


(16-36) 


For a minute crystal, so small that its absorption can be neglected. 

See, for example, pp. 405—414 in tiie book X-rays in Theory and Practice, ’’ 
by A. H. Compton and S. K. Allison, 2d ed., D. Van Nostrand Company Inc 
New York, 1936. 
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bathed in radiation of intensity I, one has simply 

R QV (16-37) 

where V is the volume of the crystal. When absorption must be con- 
sidered, as in the Bragg reflection from the face of a large crystal, 

R = ^ (16-38) 

where m is the linear absorption coefficient of the rays in the crystal. 
The relation for a powder consisting of fine crystalline grains is given on 
page 414. Conversely, measurements of the intensities of the diffracted 
beams from a crystal permit one to calculate the various F{hkl) for its 
unit cell. 

12. The Representation of the Crystal Structure as a Fourier Series. 

The use of Fourier series as an analytical method of deriving the crystal 
structure from the experimental diffraction data was first suggested in 
1915 by W. H. Bragg, ^ but it was not until 1929 that a Fourier method 
of sufficient simplicity to be of much practical value in crystal analysis 
was proposed by W. L. Bragg. ^ In this method, the values of FQihl) 
are experimentally determined for the reflected diffraction maxima from 
all the planes in a given zone. If the A axis of the crystal is chosen as a 
zone axis, all the various F(Okl) are measured. A double Fourier series 
is then formed in which these values are the coefficients and the coordi- 
nates y and z are the variables. The value of the series at any point 
2 /i 2 i represents the ‘'electron density at that point, as projected on the 
(100) face of the crystal. The series may be expressed as 


oo oo 


T + o +’<“)] 


(16-39) 


A being the area on the (100) face outlined by the b and c unit axes anc 
tj a phase constant that is a function of k and 1. A — be sin a. Th< 
summation symbols apply to k and L. The density p is calculated 
usually for 200 or 300 evenly distributed points, and then points of equa 
density are joined by lines like contour lines on a map. In the case of t 
crystal as complex as diopside [CaMg(Si() 3 ) 2 l, the series has about 4( 
terms. Electrical devices have been built to reduce the labor of sum 
ming these series. “ The x-ray data determine the amplitudes of al 
the terms in the series, but not the phase constants rj, which must b< 

^ W. H. Bragg, Trans. Roy. Soc. {London) A, 216, 253 (1915). 

“ W. L. Bragg, Proc. Roy. Soc. {London) A, 123, 537 (1929). 

® Soe, for examph^, D. Maoowan and C. A. Beevers, J. Sci. Instruments, 19, 15 
(1942). 
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known also in order to evaluate the series for p. This difficulty is sur- 
mounted in the case of crystals having a center of symmetry (as most 
of them do) by taking it as the origin of coordinates. This simplifies 
the equations by eliminating the imaginary part of the complex F given 
by (16-34). In this case, riiOkl) = 0, p(y,z) = p(y,z), and 



by footnote 1, page 358. 





Fio. 16-16. — Electronic density contour maps for (6) (010), (c) (100), and (d) (001) 
planes of a diopside crystal. The conventional representation (o) may be compared witli 
(&). {Courtesy of Sir W. L. Bragg, George Bell & Sons, Ltd., and The Macmillan Company.) 


Figure 16-16a shows the usual projection drawing of the diopside 
structure on the (010) plane, 6 is a Fourier contour-line projection of this 
same structure on the (010) face, c shows the Fourier projection on the 
(100) face, and d is for the (001) face. All these were worked out by 
W. L. Bragg. ^ These maps may be regarded as representing the electron 
density in one plane, expressed in such units as electrons per square 
angstrom unit. 

In some types of work, it may not be necessary to carry out a com- 
plete analysis of the crystal structure in order to obtain the information 

1 W. L. Bragg, Z. Krist., 70, 475 (1929) — in English. 
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desired. Instead, it may suffice to determine only the radial distribution 
of atoms surrounding any given atom. This is the general method of 
approach in analyzing the structure of liquids from their x-ray diffrac- 
tion patterns (see Chap. 22). When one is aiming at this more easily 
attained goal, Warren and Gingrich^ have shown that the phase con- 
stants 1 ? of the terms in the Fourier series (16-39) need not be known. 
Patterson, 2 in turn, has pointed out that the series 

00 00 ^ htlL 

Diu,v) = X S (16-40) 

hfk — 00 

yields a maximum value for D(u,v) whenever two points of maximum 
electron density p{x,y) in the (001) plane are located at points x\, yi 
and 2/2 such that u = x^ — xx and v — y<i ~ yx. Thus maxima of 
D(u,v) correspond to distances (u^ -1- between electron-density 
maxima in the (001) plane. This type of series can be evaluated directly 
from the integrated reflections, use be- 
ing made of relations such as (16-36) 
to (16-38). In applying the Patterson 
method to complex organic compounds, 
the graphical construction suggested by 
Robertson* may be helpful. 

13. Bragg’s “X-ray Microscope.” 

After working out the Fourier method 
outlined in the preceding section, Bragg 
showed that it is possible to sum the com- 
ponents of the series by an optical device^ 
rather than mathematically. A couple of 
dozen lantern slides bearing alternating 
light and dark bands with a direction and 
spacing (jorresponding to the various com- 
ponents of the series were projected succes- 
sively onto photographic paper, the time 
of each exposure being proportional to the 
amplitude of the component that it represented. After development, 
the resulting “x-ray micrograph” is the nearest approach man has yet 
made to a picture of the ultimate structure of matter. The atoms 
appear in their lattic.e as one might expect to see them if he had a micro- 
scope capable of useful magnification of the order of 100 million diam- 

^ B. K. Warren and N. S. CJingrieh, Phys. Rev., 46, 368 (1934). 

2 Patterson, Phys, Rev., 46, 372 (1934). D(,u,v^ has been used here instead 

of Patterson’s A(a,w) to avoid confusion with the A in equation (16-39). 

■* J. M. Robertson, Nature, 162, 412 (1943). 

< W. L. Bragg, Z. KrisL, 70, 475 (1929)— in English. 



Fig. 16-1 7a. — Perforations in 
brass plate used in Bragg’s x-ray 
microscope to project an “x-ray 
micrograph” of the atoms in the 
(010) plane of diopside. (W. L. 
Bragg; coitriesy of Nature*^ and 
Macmillan & Company, Ltd.) 
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eters. Thus Bragg^s x-ray microscope is an instrument resembling a 
projection lantern. It permits one to carry out some of the steps in 
the Fourier method optically. In this way, one may obtain some truly 
remarkable pictures of the atomic architecture of many solids. 

Recently, Bragg has devised a simplification of this technique,^ in 
which a perforated brass plate is inserted between two long-focal-length 
lenses. A point source of monochromatic light at the focus of one lens 
forms an image of the atomic structure at the focus of the other lens. 



Fig. 16-176. — X-ray micrograph of the atoms in the (010) plane of diopsitlo. Mag- 
nification is about 100 million diameters. iW. L. Bragg; courtesy of " NcUare” and Mac- 
millan <Sb Company^ Ltd.) 

In Fig. 16-1 7a, each hole in the perforated brass plate lepresents by its 
position one {hOl) refiection, the area of the hole being proportional to 
FQiQV) for that reflection. Figure 16-176 is a photograph by Hragg 
obtained by means of this technique, showing the (010) projection of the 
diopside structure. 

14. Effect of Temperature on the Diffraction Pattern. Thermal 
expansion causes the distance d between lattice planes to increase with 
temperature. In fact, this is the fundamental phenomenon that causes 
a foot rule to be more than a foot long when it gets hot. In accordance; 
with Bragg’s law, then, the diffraction maxima move toward a smaller 
angular position 6 as the crystal warms up. This effect explains why 
the crystal temperature must be controlled in precision spectroscopy. 

In accordance with the kinetic theory, the atoms of a solid vibrate 

1 W. L. Bragg, Nature, 143, 678 (1939), 164, 69 (1944). See also M. B. Huggins 
J. Chem. Phys., 12, 520 (1944); Nature, 166, 18 (1945); A. D. Booth, Trans. Faraday 
Soc., 41, 434 (1945). 
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about their fixed equilibrium positions. The vibration of each atom 
not independent of that of its neighbors, however. Instead, they beha 
as if elastically coupled, so that the motions of a row of atoms resemble 
series of elastic waves in the crystal. In a qualitative way, it can 
seen that this should cause the diffraction maxima from a crystal 
become fainter and less distinct as the temperature of the crystal risi 
for the motion, averaged over a period of time, smears the atoms o 
into a larger volume than their rest volume, like the blurred photogra 
of a fluttering flag. 

In 1914, Debye ^ made quantitative calculations of the effects of th( 
thermal waves. In terms of modern terminology, he found that th 
cause the value of the atomic-structure factor /o at zero absolute te 
perature to decrease in accordance with the relation 

f = foe 


where 


M =- 


/ <f>{x ) . A sin‘-^ $ 

mkO \ X 4/ 


(16-^ 


Here 0 is the characteristic temperature*-^ of the crystal, 7’ is the absoh 
temperature of the crystal, x = O/T, h is Planck’s constant, m is 1 
mass of one of the atoms in the lattice, k is the Boltzmann gas c( 
stant = 1.38 X 10"“’ erg/deg., and <l>ix) is a function of x evaluated 
Debye,® varying from 1 to 0 as x varies from 1 to co . This calculati 
by Debye was repeated by Waller^ in 1925, who found the relation n 
recognized as correct, because of its agreement with experiment: 

/ = ( 10 -^ 


A simplification for the case of simple cubic crystals has already b( 
mentioned [equation (16-32)]. 

16. Primary and Secondary Extinction. If a monochromatic be; 
of x-rays strikes a cu-ystiil at an angle such that Bragg’s law is not satisf 
for any important set of ])liLnes, no diffracted beams will be present, 
this circumstance, the mass absorption coefficient fj, or the linear abso 
tion coefficient iii of the beam in the crystal is about what one wo 
calculate from an ordinary tal>le of absorption coefficients, if the com 
sition of the crystal and the wave length of the x-rays are known. H( 
over, when the cirystal is oriented in the l)oam so that Bragg s law 


^ P. Dobyo, Ann. Phyftik., 43, 40 (1014). 

2 See F. K. lliehtmyer nnd 10. H. Konnanl, “Introduction to Modern Physi. 
3d ed., p. 452, McCJraw-Hill book Company, Inc., New York, 1942. 

3 For taf)los, sec R. W. and G. W. Brindley, Phil Mag., 12, 81 (1931). 

I. Waller, Uppsala dis-sertation, 1925; Z. Physik, 17, 398 (1923). 
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satisfied for a prominent set of planes such as the (100) planes, for 
example, a diffracted beam will be present. Under these conditions, 
the intensity of the primary beam entering the crystal diminishes with 
its depth of penetration owing to two effects. (1) Ordinary absorption. 
(2) The part of the beam that is diffracted at each succeeding (100) 
plane is subtracted from the primary beam. This second effect is 
called “primary extinction.” As a result of it, the ordinary linear 
absorption coefficient m must be added to a second quantity called the 
“primary extinction coefficient” jue, which may be as much as seventy 
times When one recalls that these “coefficients” are exponents in 
the intensity equations such as (5-5) and (5-7), it will be realized that 
this is a tremendous increase. For this reason, the diffraction is limited 
more to the surface layers of the crystal than one might suppose, judging 
merely from the fact that x-rays have great power to penetrate matter. 
It has been calculated that, when molybdenum Ka rays are diffracted in 
the first order from the face of a good calcite crystal, the primary beam 
drops to half its incident intensity after penetrating to a depth of only 
about 5 X 10“® cm. 

Compton and Allison give^ a formula for calculating the extinction 
coefficient /xe- It is 


_ MFQiU) 

FX sin 00 


(16-43) 


where 5 is 1 minus the index of refraction of the rays used, in the crystal 
used; FQikl) is the crystal-structure factor for the reflection concerned 
at the wave length X used; F is the number of electrons in a unit cell of 
the crystal; and 0o is the Bragg angle at which the diffraction occurs. 

Secondary extinction is concerned with the mosaic blocks to be 
discussed in the next section. When some of these blocks near the 
surface of the crystal have exactly the right orientation to diffract the 
primary x-ray beam, they will screen the deeper blocks from the incident 
rays. This effect is called “secondary extinction.” 

When extinction is considered, it may introduce some changes into 
equations of the type of (16-37) and (16-38). These two equations, as 
they stand, are for “ideally imperfect crystals,” that is, for crystals 
having very small mosaic blocks. Most actual crystals have a mosaic 
structure approximating this. 

16 . The Mosaic Structure of Crystals. Thus far in the discussion, 
crystals have been regarded as “perfect” in the sense that the lattice 
ha.s been considered as a perfect geometrical structure of absolutely 
parallel, exactly equidistant planes of scattering centers. Actual crystals 
are not perfect in this sense. The investigation of the degree of imper- 

^ See p. 393 in the book cited in footnote 1, p. 357. 
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fection of various real crystals and the comparison of the perfection of 
crystals of one kind (for example, calcite) with that of crystals of another 
kind (for example, rock salt) were undertaken by various workers 
beginning about 1914. 

One of the most successful plans of attack on this problem has been 
to measure the integrated reflections RQikl) for various crystals experi- 
mentally, with a double-crystal spectrometer, and then compare them 
with the corresponding values of R calculated on the assumption that 
the crystals are perfect. Such calculations^ are based on the theory 
developed by Darwin^ and, later, Ewald.® Compton and Allison have 
derived the following simplified formula^ for R(hkT): 

RQikt) = + cos 29o) (16.44) 

where the symbols have the same meanings as in equation (16-43). 
Note that Fihkl) enters linearly for a perfect crystal, rather than quad- 
ratically, as in (16-37) and (16-38). For first-order diffraction of molyb- 
denum Koti by the cleavage planes of calcite, Compton and Allison suggest 
F = 61.6, 5 = 1,82 X 10“®, Y = 100, and 0o = 6°42'. Thus equations 
of the type of (16-44) yield R values of 2.2 X 10~® and 2.13 X 10~®. 
respectively, for molybdenum in rock salt and calcite, whereas 

experimentally, R, as defined by (16-35) is about 4 X lO""^ for rock salt 
and 2 X 10“® for calcite.^ 

Darwin’s theory also indicates that if a rock-salt crystal were perfed 
a truly monochromatic beam of parallel x-rays of wave length aboui 
0.6 A., striking a cleavage face of the crystal at the correct angle, shoulc 
produce a first-order diffracted beam with a maximum angle of abou' 
3 sec. of arc between the most divergent rays in it. Experimentally 
it has been found that the width varies from 87 sec. to several minute; 
for silver Ka radiation (558 X.U.) for different rock-salt crystals, 5 min 
being a representative value for a good crystal. 

To summarize: (1) R is observed to exceed its theoretical value 
(2) the excess is much greater for rock salt than for calcite; (3) thi 
divergences of beams diffracted from single ci*ystals exceed the theoretica 
values. These three facts may be explained on the grounds that singl 
crystals actually have an imperfect structure, as suggested by Darwn 
in 1914. 

^ Sec, for example, S. K, Allison, Fhys. Rev., 41 , 1 (1932). 

2 C. G. Darwin, Phil. Mag., 27, 325, 675 (1914). 

2 See p. P. Ewald, Physik Z., 26, 29 (1925). 

* See p. 397 in the book cited in footnote 1 , page 357. 

® See, for example, P. Kirkpatrick and P. A. Ross, Phys. Rev., 43 , 696 (1933). 
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The modern theory visualizes a real crystal as being built up of a 
large number of microscopic or submicroscopic fragments or blocks, all 
having almost, but not quite, the same orientation. These fragments 
may be thought of as irregular in shape but in general roughly resembling 
a cube. The order of magnitude of the cube edge is about 10“® cm. 
These ideas are ordinarily designated as the theory of the “mosaic” 
structure of crystals. Zwicky has done considerable work^ on the 
physical properties of solids, as influenced by their mosaic structure. 
It is not very difficult to see, in a qualitative way, how a mosaic structure 
can account for the three facts mentioned in the preceding paragraph. 

If the blocks are regarded as having a nearly perfect lattice structure, 
then each one will “reflect” practically 100 per cent of a parallel primary 
monochromatic x-ray beam striking it at exactly the correct angle Oq 
satisfying Bragg’s law. Such a primary beam will therefore penetrate 
an actual crystal, selecting perhaps 1,000 blocks that have exactly 
the right orientation to reflect it. If the crystal is rotated a few seconds 
of arc, the 1,000 blocks all take on the wrong orientation but about 1,000 
others then have the right one. This makes the total beam diffracted 
from a crystal rocked slightly to either side of do carry more energy 
than if the crystal were perfect. A perfect crystal would consist of only 
one mosaic block, and primary extinction would limit the diffraction to a 
thin surface layer, effective at only exactly the right angle. One would 
also expect greater divergence of the rays in the diffracted beam from a 
mosaic structure than from a perfect crystal. The greater discrepancy 
between theory (of perfect crystals) and experiment for rock salt than 
for cal cite indicates that rock-salt crystals are more imperfect than 
calcite crystals. That is, the rock-salt mosaic blocks have a greater 
variety of orientations and are probably smaller and more numerous 
than those in calcite, on the average. Calcite has about the same 
dispersive power as rock salt; but, in general, the degree of imperfection 
in rock-salt crystals is such that the resolution of an x-ray spectrometer 
or spectrograph with a rock-salt crystal is no better in the higher order 
spectra (n greater than 1) than it is in the first order, becuiuse of the 
decrease in the sharpness of the lines as n increases. Good cahnte crystals 
being more easily obtained, they are preferred for high-accuracy spectro- 
graphic work. A freshly cleft crystal surface is more perfect than the 
same surface after polishing. Polishing apparently cracks up the surface 
layers of the crystal into more fragments than were originally present. 
This manifests itself experimentally by a considerable increase in the 
measured value of R. 

17. Twinning. Twinning is a phenomenon that sometimes causes 
one to misinterpret the true structure of a crystal. Certain crystals 

^ See. for example, F. Zwicky, Rev. Modern Phys., 6, 193 (1934). 
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such as aragonite and quartz frequently develop in a normal manner for 
part of their length, and then at a certain plane the orientation of the 
lattice changes discontinuously so that on opposite sides of the plane the 
crystal axes are not parallel. Quartz has enantiomorphic (right- and 
left-handed) varieties. One common type of twinning in quartz involves 
an end-to-end junction of two right-handed individuals, each being 
rotated 180° about its threefold (C) axis with respect to the other, the 
common axis being called the “twinning axis’’ in this case. In “Brazil- 
ian” twinning, right- and left-handed individuals unite along a plane 
of reflection (the twinning plane) parallel to the C axis; there are other, 
less common types. Aragonite is an orthorhombic crystalline form of 
CaCOs that is very prone to twinning’^ across the (110) plane. Twinning 
is also very common in some metallic crystals, such as zinc. 

It is not always easy to detect a twinned crystal if its untwinned 
form is unknown, for many twinned crystals look like a single crystal 
of higher symmetry. This has led to erroneous determinations of the 
structure of some substances. 

QUESTIONS AND PROBLEMS 

1. A beam of soft x-rays passes through some hydrogen gas under high pressure. 
Will most of the scattering of the rays occur at the protons or at the electrons? If 
the amplitude of the electric ve<“.tor in the primary beam A O at a point O is Eo, what 
is the corresponding x-ray intensity /o at that point? Wliat are the direction and 
magnitude of the accompanying magnetic vector at that point? If a point P is 
selected a distance r cm. from O, what is the amplitude at P of the x-x-ays coherently 
scattered by an electron at O, assuming an vinpolarized jxrimary beam? Answer the 
same question if the primary beam is polarized with its magnetic vector in the plane 
AOP. Does modern wave mechanics give a diff(irent answer to this last question 
than classical physics? What is the polarization factor, and how does it arise? 

2. By what argument does classical physics conclu<le that coherently scattered 
rays from an atom might have an intensity proportional to the atomic number Z 
of the atom? That this intensity might, on the other liand, be proportional to 
Z“? Does x-ray diffraction result primarily from interference between coherently 
or incoherently scattered rays? 

3. Describe a Bragg spectrometer. How is it modiffed to make a double-crystal 
spectrometer? Is the high resolution of the latter instrument achieved only by a 
serious sacrifice of sensitivity and spt^xul, as comi>ared with the simple Bragg instni- 
inont? Bxplain your answer. In using a Bragg spectrometer in the liragg method 
of crystal analysis, does one obtaiix and study x-ray spectra, in the usual sense of the 
word? 

4. What, are the two crystals most commonly used in x-ray spectroscopy? W'hich 
is ordinarily used in the Bragg method of crystal analysis, as applied to copper sulfate, 
for example, or is either used? What is an x-unit? Why might one wish to multiply 
all the wave lengths in a table of characterist.ic x-ray spectra by 1.00203? How does 
this figure arise? How arc absolute (not relative) values of x-ray wave lengths 
calculated in the first pla,c!e? 

1 W. I.. Bragg, Proc. Roy. Soc. {London) A, 106, 37 (1924). 
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6. A certain crystal is composed of a compound of two chemical elements A and 
B. If the Bragg reflections from a particular face of this crystal occur at a series of 
angles 6 corresponding to d values proportional to 1, etc., when n is set equal to 
1, and if the intensities of these reflections decrease in a uniform manner with increas- 
ing 6, should you conclude that the individual planes in this set are populated by 
(1) A atoms alone, {2) B atoms alone, or (3) both A and B atoms in each plane? 
Explain your answer. 

6. Why is a (111) reflection found for NaCl but not KCl? Explain from Fig. 
16-11 why there is no (222) reflection from a diamond crystal. In a crystal composed 
of only one chemical element, how can one distinguish between simple lattices, body- 
centered lattices, end-centered lattices, etc.? What are suppressed reflections? 
Some crystallographers refer to these by what term? How does one know where to 
expect reflections from a simple orthorhombic lattice, for example? 

7. What are parameters in the unit-cell configuration? What is the unit-cell 
configuration of rock salt? Why is the use of parameters often necessary? The 
letter u is frequently used to designate the angle between rhombohedral axes. Why? 
Explain how a hexagonal point lattice can be referred to rhombohedral axes. 

8. What is the atomic-structure factor? Why does the coherent x-ray scattering 
from an atom decrease with angle faster than that from an electron, on the basis of 
classical physics? The atomic number of mercury is 80. Without consulting tables, 
what is its atomic-structure factor for a very small scattering angle? Does the 
atomic-structure factor increase or decrease with temperature? Why? 

9. WThat is the crystal-structure factor? Why is it often written FQikl) rather 
than simply F? If the atomic-structure factor of tungsten is fw and if it crystallizes 
with a body-centered cubic structure having unit-cell configuration 000; calcu- 
late its crystal-structure factor for the (110), (111), and (112) reflections. 

10. For a body-centered cubic structure of a single element, show that all {hkl) 
reflections will be suppressed for which k k I ia odd. 

11. What is meant by integrated reflection, or coefficient of reflection R{hkl)? 
Why is its calculated value less than its experimental value in some cases? Is RQikl) 
proportional to the structure factor or the square of the structure factor for an actual 
mosaic crystal? For a perfect crystal? 

12. Describe Bragg’s x-ray microscope. What is the order of magnitude of the 
magnification attainable with it? Explain in a general way how contour maps like 
those in Fig. 16-16 are obtained. What do the lines in these maps represent? 

13. What is the evidence for the existence of a mosaic structure of crystals? 
What is the order of magnitude of the size of the mosaic blocks? About how deeply 
into a calcite crystal does a primary molybdenum K« x-ray beam penetrate when the 
crystal is oriented correctly for first-order diffraction at the cleavage face? Why is 
the penetration so slight? What is primary extinction? Secondary extinction? 

14. In general, how much leeway is there in the angular setting d of an actual 
crystal for diffraction to occur, assuming that the correct value of 0 to satisfy Bragg’s 
law is 00? When the primary beam is incident at the proper angle 0o, what is the 
order of magnitude of the divergence of the most divergent rays in the diffracted 
beam? Why is there any divergence whatever? 

16. What is meant by twinning? Is there only one kind? Why may it be 
difficult to recognize twinning when one sees it? If one fails to recognize it, will he 
nevertheless arrive at a correct determination of the crystal structure by x-ray methods 
applicable to single crystals? 



CHAPTER 17 


THE LAUE METHOD, THE ROTATION METHOD, AND OTHER 
METHODS FOR A SINGLE CRYSTAL 

1. Introduction. It is not expected that the average reader of this 
book will have need for carrying through the analysis of a particular 
crystal by the Bragg method, the Laue method, or the rotating-crystal 
method. Most practical applications of x-ray diffraction are limited to 
the powder method, for most actual solids consist of myriads of micro- 
scopic crystals. The main reason for studying crystal analysis in the 
sense used thus far is to acquire a fair understanding of the mechanism 
of x-ray diffraction, methods of calculating lattice constants and meas- 
uring x-ray wave-lengths, the significance of the intensities of the dif- 
fracted beams, the meaning and value of the concept of a “structure 
factor,” the meaning of extinction, and a knowledge of the mosaic 
structure of crystals. A study of the Laue and rotation methods will 
introduce additional useful ideas, such as the concept of the reciprocal 
lattice. Then, too, single crystal methods are demanded in such indus- 
trial problems as the proper orientation of diamonds in dies, the orienta- 
tion of artificial sapphires in jeweled pivot bearings, and the cutting of 
quartz crystal sections for piezoelectric oscillators in radio work. There- 
fore a general knowledge of these methods is most helpful, even in 
routine industrial work. 

So far as the actual analysis of crystals is concerned, it should again 
be mentioned that optical, chemical, and other physical data are helpful 
and often necessary to help one to choose between two or three tentative 
possible structures, any one of which would pi-oduce the observed diffrac- 
tion pattern. 

2. The Laue Method of Crystal Analysis. Although this is the oldest 
method of crystal analysis by x-rays, it is still used today by some of the 
foremost crystal analysts, such as Wyckoff.^ It was developed by Laue 
soon after his discovery of x-ray diffraction in 1912. The method uses 
continuous (heterogeneous) x-rays such as are radiated from a tungsten 
tube operating at a potential slightly less than the ()9.3-kv. K excitation 
potential for tungsten. These rays are collimated into a fine beam of 
nearly parallel rays by collinear pinholes in three consecutive lead 
diaphragms A, B, and C, as indicated in Fig. 17-1. For ordinary work, 


1 Footnote, p. 346. 
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A and B are both about 0.025 in. in diameter and 2 in. apart. When 
extreme accuracy is more important than speed, holes as small as 0.006 
in. may be used. When speed is the paramount requirement, 0.040-in. 
holes may be used. The third pinhole C is large enough so that all the 
direct rays transmitted by the first two, A and B, will pass through 
it yet small enough so that rays scattered or diffracted at a small angle 
by the lead edges of pinhole B will be intercepted by C. Often B and C 



Fig, 17-1, — Slit or pinhole system for collimating x-rays. 



are constructed and regarded as a single unit, called a ‘‘guarded pinhole” 
or “pinhole assembly.” 

Figure 17-2 illustrates a simple type of “Laue camera.” I'lie frame- 
work, or bench, B supports a screen S, which is placed as close as possibh^ 
to the x-ray tube in such a position that the focal spot is located at a 
point P on the straight line PACK. D is the ctdlimating pinhole assem- 
bly of Fig. 17-1. The first pinhole is represented by A in both figures. 
Two or three interchangeable pinhole assemblies with different hoU^ 
sizes are ordinarily provided. F is a holder so constructed that it may 
be adjusted to support the thin single crystal C as close to D as practical 
and in the desired orientation. This is conveniently accomplished by 
mounting the crystal, or crystal section, by means of a drop of paraffin 
or balsam on two adjustable “goniometer arcs” perpendicular to each 
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other. One of these permits a limited adjustment of the crystal by 
rotation about an east- west axis, say, and the other about a north-south 
axis. These arcs may be seen in Fig. 17-2. Most of the heterogeneous 
primary x-ray beam traverses the crystal without being absorbed, scat- 
tered, or diffracted. Then it travels usually either 4 or 5 cm. to the 
small lead block or cup K at the center of the x-ray film protected by the 
black paper G, the film being supported perpendicularly to PACK by 
the holder H. The cup K absorbs the primary beam, which would 
otherwise cause a splotch on the film due to scattering and halation. 
This cup K should be moved aside for a few seconds at the end of the 
exposure, which may last 5 min. to several hours, in order to mark the 
primary beam position on the plate. 

The chief resemblance between Bragg reflection and ordinary reflec- 
tion is that the angle of incidence equals the angle of reflection as with 
light striking a mirror. In the present case, rays from about 0.2 to 2 A. 
are present; therefore, for practically all the important sets of planes 
in the crystal and for all values of the angle d except very small ones, 
this mirrorlike reflection should occur, the diffracted rays being mono- 
chromatic radiation selected from the continuous primary beam. 

Suppose that an important zone axis in the crystal, like [100], for 
example, is parallel to the primary beam. Then the planes in that 
zone, such as (001), (010), (Oil), (012), are all parallel to the beam and 
can reflect no rays, since 6 = 0. However, there will be other zone 
axes, perhaps [311], [512], etc., two, three, four, six, or eight of which 
will be inclined at some specific angle, such as 17°29', to the [100] axis and 
hence to the primary beam. vVs an example, in Fig. 17-3, the primary 
beam, may l)e regarded as originating at the focal spot A", passing through 
the collimating pinholes after which it passes through the 

hexagonal crystal rj'K'L'M'N'I"J"K"L"M"N" in a direction parallel 
to [001], or the C axis DC. After emerging from the crystal, the primary 
beam continues to the flat film DEFG, which it strikes pei-i^endicularly 
at C. In this case, one notes the six zone axes/'OL" [01 1], N'OK" [111], 
M'OJ" [101], L'OI" [OTl], K'ON" [TTl], and J'OM" [TOI], all equally 
inclined to the C axis [001]. Ck)nccntrating attention on one of these 
zone axes for the moment, namely, I'OL" [011], one notes several promi- 
nent planes l>elonging to its zone, such as I'J'U'M" (1101), N'I'K"L" 
(OTll), JNK"M" (1212), and rL'L"l" (lOTO). Ckmsidering the first- 
mentioned plane in tliis zone, namely, I'J'l/'M" (1101), one next erects 
its gnomon, or gnomonic line, OP. This is simply the ])er])endicular to 
the plane at the origin O. Since all the planes in this zone contain the 
zone axis OL"Q, all their gnomons will be perpendicular to OQ. There- 
fore all the gnomons for this zone (or any zcme) lie in a plane through () 
perpendicular to the zone axis. Since planes intersect each other in 
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straight lines, it follows that the gnomons for each zone will intersect 
the plane of projection DEFG in a series of points such as P, and these 
gnomonic points will lie on straight lines in the plane of projection. 


G 



Fig. 17-3. — Illustrating analysis of Laue patterns by gnomonic projection. 


If, as thus far supposed, an important zone axis coincides with the 
primary beam, the resulting diffraction pattern on the film will be sym- 
metrical, Otherwise, the pattern will appear asymmetrical or distorted. 
In the former case, the symmetry of the pattern will depend upon the 
symmetry of the crystal. If it is hexagonal, as in Fig. 17-3, angle AOB 
will be 120° but angles AOC and BOC will be 90°, the unit of length OO" 
along OC will be different from those (OJ and OL) along OA or OB, but 
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the latter two will be equal. The distance OC from crystal to film or 
plane of projection is usually set at either 4 or 5 cm. ; let us assume 5 cm. 
in the present example. 

The (1101) plane I'J'L"M" in Fig. 17-3 may be extended to the plane 
DEFG, RQ being the intersecting line. If the spacing of these (1101) 
planes is d, there will be some x-rays in the heterogeneous primary beam 
having a wave length X of the proper value to satisfy Bragg^s law and 
some of these will be diffracted in the direction OS, forming a “Laue 
spot’’ on the plate DEFG. The gnomonic line OP for these planes 
intersects the plane of the plate or the plane of projection at the point P. 
The equation of an arbitrary plane, such as I'J'L"M" referred to the 
crystallographic axes OA, OB, and OC, is 


X 

A 


+ 1 + ^ = 1 


(17-1) 


from analytic geometry, where A, B, and C are the intercepts of the 
plane on the three axes and x, y, and z are the coordinates of any point 
in the plane, x being measured along OA, y along OB, and z along OC 
and the units of length being a, h, and c, which may be unequal. If the 
Miller indices of the plane in question in this case) are (hkl), 

then by definition 

^= 1 ’ ^= 1 ’ 


where g is a constant. For example, if A = I, B — and C = ^, then 
k = 3, k — 2, and I = 6; in this case, <7 = 3. Hence the equation of the 
plane becomes 

hx ky Iz — g = 0 (17-3) 


The ecpiations of the 
gc^ometry, 


gnomonic line to such a plane are, from analytic 


- = y- = - 

h k I 


(17-4) 


The ecpiation of the plane of projection is of coarse z = D, where D = OC 
in the figure, usually 5 cm. The coordinates of the point P, where the 
gnomon strikes the plane of projection, are then given by 


^ — y. — — 

h ~k cL 


(17-5) 


where x and y are still measured in units of a and h. Changing to 
centimeters, 

Da 


X 


= h 


d 


, Db 


z = D 


(17-6) 
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Suppose, for a moment, that Z = 1 and that h and h have a series of 
(integral, of course) values from perhaps —5 to +5. It is then seen 
that the points P from all these various sets of planes [such as (531), 
(401), (001), (301), (521)] will form a two-dimensional lattice of points 
in the plane DEFG, because equations (17-6) show that the coordinates — 

both X and y — of these points P will be 
— 5Da/c, — 4tDa/c, — SDa/Cj — 2Da/c, 
—Da/Cj 0, Da/c, 2Da/c, ^Dajc, 4:DaJc, 
5Da/c, etc., b being substituted for a 
for the y coordinates. However, if 
1 — 2, then the coordinates of the gno- 
monic point P for a plane like (432) 
will he X = 2Da/c, y = ^Db/c. This 
array of gnomonic points is called a 
“gnomonic projection.” Figure 17-4 
illustrates the coordinate system that 
would be used to identify the points 
appearing in a gnomonic projection 
of the Laue pattern of a hexagonal or 
rhombohedral crystal on a plane per- 
pendicular to the C axis, as just as- 
sumed. 

The identification of the sets of planes corresponding to the various 
Laue spots is seen to be a rather simple straightforward process, once 
the gnomonic projection is complete. Since the {hkl) planes are parallel 
to the Qihl) planes, the Laue pattern always has a center of symmetry, 
whether the crystal has or not. This fact is known as “FriedePs law.” 
Consequently Td and all the O groups of cubic crystals yield patterns 
exhibiting Oh symmetry. Likewise cubic groups T and Th yield a pattern 
having Th symmetry. In the hexagonal system, all the D groups in the 
hexagonal division and Cqv yield patterns with D^h symmetry, while the 
other C groups yield patterns. In the rhombohedral division, all D 
groups and Czv yield D^d patterns, the other C groups yielding Czi pat- 
terns. In the tetragonal system, C4V, P4 and D^h yield patterns 
characteristic of Dih, while S4, C4, and C^h yield Cvi patterns. All 
orthorhombic crystals yield patterns characteristic of Vn groups; all 
monoclinic, C^h'j all triclinic, Ci. A serious shortcoming of the Lane 
method is that the intensities of the spots depend not only upon th<> 
structure of the crystal but also upon other extraneous factors hard to 
evaluate, such as the intensity at various wave lengths in the continuous 
x-ray spectrum, superposition of first-, second-, and third-order diffrac- 
tion spots, and variation of photographic effect at wave lengths above 
and below the K absorption edges of silver and bromine (see page 74). 


> JV > ft S 



Fig. 17-4. — Gnomonic projection 
of Laue pattern of a hexagonal crystal. 
(i2. W. (?. W.yckoffj '' The Structure 
of Crystals 1931; courtesy of Reinhold 
Publishing Corporation,) 
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The gnomonic projection may be laid out from the Laue pattern by 
using a specially calibrated rule, often called a “ Wyckoff scale,” after 
R. W. G. Wyckoflf. The basis of this method may be understood from 
Fig. 17-3. Since angle COR = d = angle ROS and therefore angle 
COS — 26, it is seen that CS = D tan 26 and CP — D tan COP or 
D tan (90® — 6), where D = OC. Hence, if CS and D are known, CP 
may be immediately calculated. Since SCP is a straight line, one may 



l'’iC3. 17-5tt. — Laue pattern of rnagnesivirn oxide crystal. (R. W. G. Wyckoff, “ T?i,c Blruclurc. 
of Crystals,'' 1931; courtesy of Rcinhold Publishing Corj}oration.) 

pivot a rule at C by means of a thumbtack and lay off scales on the rule 
on each side of this pivot such that a Laue spot appearing at 5.2 divisions 
on one scale corresponds to a gnomonic; point vvhi(;h may l>e mai'ked on 
a piece of paper at 5.2 divisions on the other sc.ale^ on the opposite side 
of C. A rei>roduction of the Laue photograpli may l)e ta(;ked on top 
of a largo piece of paper on a drawing l)oard in order to lay out the 
gnomonic projection V>y this method. A Laue ])hotograph of a cuV)ic 
crystal of magnesium oxide obtained by WyckolT is shown in Fig. 17-5a, 
the incident beam being perpendicular to a cube face. Figure 17-55 
shows the reduced-size reproduction of the pattern in the small central 
circle, surrounded by its gnomonic projection on a plane perpendicular 

^ Wyckoff gives a table for calibrating such a rule on page 1.31 of his book, “The 
Structure of Oystals,” 2d ed., Reinhold Publishing Corporation, New York, 1931. 
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to the G axis, as laid out by Wyckoff. Laue analyses are sometimes 
carried out by means of a different type of projection, called the “stereo- 
graphic projection, but the gnomonic projection is more commonly and 
successfully used in most cases. 
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Fig. 17-56. — Gnomonic projection of pattern in Fig. 17-5a. (72. W. G •• 'Ph,, 

Structure of Crystals” 1931; courtesy of Reinhold Publishing Corporation.) 

3. The Rotating-crystal Method of Crystal Analysis. This method 
Has been used in the crystal analysis of more different substances than 
any other method. The first rotation-type x-ray pattern published was 
obtained in 1913 by M. de Broglie,^ but he used it to study the x-rav 
spectrum of the platinum anticathode rather than the structure of the 
(rock-salt) crystal. In 1919, Seemann^ used rotation diagrams to study 
crystal structure, but the development of a formal method of cryst./il 
analysis from rotation patterns was not accomplished until the work of 
Kmne and Schiebold^ and Polanyi** in 1921. 

followed in obtaining a rotation pattern 
pattern in the following particulars; 
(1) Monochromatic x-rays are used rather than polychromatic. (2) 

^ M. de Broglie, Compt. rend., 168, 177 (1914), Fig. 1. 

* H. Seemann, Physik Z., 20, 55, 169 (1919). 

38,3^(192iT^ Abhandl. math.-phys. Klasse sacks. Akad. Wiss., 

( 9 1), M. Polanyi and K. Weissenberg, Physik, 9, 123 (1922), 10, 44 (1922). 
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Although pinholes are usual, short vertical slits are sometimes used for 
collimation. (3) The crystal specimen is ordinarily only a fraction of a 
milhmeter in diameter, whereas larger crystals or cut and ground sections 
are preferred in the Laue method. (4) The pattern is usually recorded 
on a photographic film supported by a holder that retains the film on 
the inner surface of a cylinder having a vertical axis through the center 
of the crystal, which is of course in line with the pinholes. As in the Laue 
method, a flat plate behind the crystal and perpendicular to the primary 



X= X-ray tube A^CoU/mafJng assembly 

T=Targef(e.g.Cu) L- Lead shield 
Hi , H 2 -Collimating Cylindrical film 

pin-holes C= Rotating crystal 
ffj = Guard hole K- Spindle 
D - Filter (e.g. 000!" B = Base 
nickel foil) M- hfotor 
O i Opening in film 

I’lG. 17-6. — Diagram of rotation oatnera. (^A<lapte<l from ''X-ray (lrystallo(jraphy,” by 
/V/. J. Bueraerj 1942; courtesy of John Wiley & Sons, Inc.) 

beam is sometimes used, although the cylindrical film is preferable for 
most work. (5) The crystal is rotated at a uniform angular velocity, 
about the vertical axis through its center; alternatively, it may be given 
an oscillatory rotation about this axis, the angle of the oscillation usually 
being fixed at about 5, 10, or 15° and the angular velocity of the oscillation 
being constant between reversals. In the Laue method, the crystal 
does not move. ((>) It is desirable to have an important zone axis of the 
crystal c.oinciding with the axis of its rotation, rather than with the axis of 
the beam, as in the Laue method. 

Figure 17-() is a schematic diagram of a ‘‘rotation camera,’’ showing 
the essential parts. The filtei' D should be 0.001-in. nickel foil if the 
target T is copper; a zirconium oxide filter is usual with molybdenum 
radiation. However, if no filter is used, the pattern obtained from the 
Ka and radiation c.omliined is not too c,onfusing to analyze, for the 
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beta and alpha spots appear in separate layer lines except for the equa- 
torial layer, where they are superposed. The nature of these layer lines 
will be explained later. If the crystal is to be oscillated rather than 

rotated, the spindle K (Figs. 17-6 
and 17-7) is driven by a cam and 
lever arrangement as represented 
in Fig. 17-7. 

The crystal used should he a 
small one of good quality, dimen- 
sions of about 0.1 to 0.5 mm. 
being preferable. The use of a 
large crystal makes it difficult to 
interpret the intensities of the ob- 
served diffraction spots, for these 
become sensitive to the shape of 
the crystal when the irradiated 
portion is defined by the pinholes or slits. It is preferable to use a crys- 
tal smfl.11 enough so that it is completely bathed in the primary beam 
passing through the holes or slits. 

The crystal is often mounted on goniometer arcs, which are e\'en 
more helpful in the rotation method than in the Laiie method. After 
mounting it so that the desired zone axis is roughly parallel to the 


Fig. 17-7, — Heart-shaped cam for oscil- 
lating specimen. A, arm. C, heart-shaped 
cam ha\dng radius proportional to angular 
displacement, if, spindle supporting crystal 
or specimen. i2, camshaft, motor-driven at 
low speed, S, string passing over pulley P to 
counterweight. 



Fig. 17-8. — Device for aligning zone axis of rotating crystal. S, source of light. E, 

C, crystal. T, collimating tube of rotation camera- Gy goniometer arcs. i/i, i/a, colliinnl - 
^ing pinholes or slits. M. Microscope cover glass affixed to T at 45® angle, {From W. i^. 
Daveyy ''Study of Crystal Structure and Its Applications McGraw-Hill Book Compciriyy 
Inc.y 1934.) 

(vertical) spindle axis, the final accurate adjustment is made with tlK> 
arcs. The adjustment may be made optically if the crystal has well- 
developed zonal faces. Sometimes a crystal that has no such faces can 
be made to reveal them optically by etching it slightly chemically. F''or 
example, a tungsten crystal will develop microscopic '‘facets,^’ whic*.li 
flash up brilliantly after it has been placed in a boiling 3 per cent aqueous 
solution of hydrogen peroxide for a minute or two. If no optical goniom- 
eter is available, one may use the method suggested by Davey^ and 

1 W. P. Davey, “A Study of Crystal Structure and Its Applications,” McCraw- 
Hill Book Company, Inc., New York, 1934. 



Sec. 3] 


THE LAUE METHOD 


illustrated in Fig. 17-8. When a crystal face is perpendicular to th< 
of the pinholes, the light beam from >S passes through strife 

and is reflected bacfe: through H to M and thence into eye E. W 
given zone axis is aligned with the spindle axis, a faint flash will be 
for each of the corresponding zone faces as the spindle is slowly roi 
If no optical faces exist, a series of x-ray patterns may be obtained 
various crystal orientations and the 
desired orientation deduced from 
these. 

In Fig. 17-9, suppose CC’ is the de- 
sired zone axis of the crystal, which 
has been made to coincide with the 
spindle axis. The symbols q, r, s, t 
represent lattice points along this axis, 
where qr = rs = st = c, say, in case 
the zone axis is the C axis. Ar and 
Bs are primary x-rays from the colli- 
mating slits. It is clear that a dif- 
fracted beam in the direction rD or 
sE is to be expected if sP = g\ where rP is a line perpendicular 
and g is an integer. If angle EsX — angle Prs =<!>,& diffracted 
is to be expected in the direction inclined at 90° <f> with the ax 

where 

g\ = c sin <f> or \ — c sin <!> (gr = 1) 



Fig. 17-9. — To explain existence < 
lines in a rotation pattern 


whenever the rotation brings the other zone axes into a favorable po 
ordinarily several times per revolution. It will be noted that (17- 
the form of one of the Laue equations (15-3) when f = 90 i 
equals minus angle CsE in the figure, the rotation causing the 
two Laue equations to be satisfied only at certain discrete pos 
Setting ^ = 0 in (17-7), one sees that a series of diffracted bean 
flash out in various directions in the (horizontal) plane throu^ 
crystal center perpendicular to its (vertical) rotation axis. Reg 
these from the Hragg diffraction viewpoint as “reflections’^ fro 


various planes, it is clear that these planes responsible for the equ 
{g = 0) spots must all contain the zone axis chosen as the rotatio 
If this is the C axis, for example, these planes belong to the [001 
and their Miller indices will be {hkO) where h and k are given \ 


integral values. In a similar way, the diffracted beams for g = 
(17-7) can be regarded as Bragg reflections from the various {hk\) ] 
Thus, when cylindrical film is used, as in Fig. 17-106, layers of diffi 
spots will appear on the film whore the various cones of diffi acted 
(rorresponding to Z = ... — 3,-2, 1, 0, -f-1, +2, +3 ... in 
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the film. These layers of spots are evident in Fig. 17-11 A, obtained 
by Buerger. They are called “layer lines.” Their vertical separation 
(the radius of the film cylinder being known) yields the identity period 
(c, in the case of the C axis) of the lattice along the chosen zone axis 
of rotation, from equation (17-7). If flat film is used, as represented in 
Fig. 17-lOa, these layer lines become hyperbolas except for the equa- 
torial one, which is straight, as in Fig. 17-1 1J5. 

Thus far, complete rotation of the crystal with uniform angular 
velocity has been assumed. Suppose, instead, that the crystal is oscil- 


C 



a b 

Pig, 17-10. — Diagram of rotation cameras, a, flat cassette arrangement- 6, cylindrii^al 

cassette arrangement. 

lated by means of a heart-shaped cam for a few degrees on either side 
of the position where its A axis coincides with the primary beam. As 
before, it will be assumed that the rotation axis is the C axis and that 
the crystal belongs to a system which has the A and C axes perpendicular. 
In this case, most of the diffracted spots will be Bragg reflec^tions from 
planes parallel to the A axis, that is, planes for which the Miller index h 
is zero. Then the spots on the zero layer line will be reflections from 
(030), (020), (010), (000) or primary beam, (010), (020), (030), etc. The 
spots on the first layer line will be due to the reflections (130), (120), 
(110), (100), (110), (120), (130), etc. Since spots such as (220), (120), 
(020), (120), (220), etc., will be in a vertical column in such a pattern, ther(> 
will be vertical “row lines” as well as the horizontal layer lines, as seen 
in Fig. 17-11. In a case like this, the interpretation of the pattern 
and deduction of the crystal structure from two or three such patterns 
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Fio. 17-11 A. — Rotating ci vstal photograph taken with cylindrical camera. (NaSbOg.- 
3HaO, tetragonal; C-axi.s rotation; CuK« radiation from gas x-ray tube, Altered g'rough 
nickel foil.) TJejwwfcd, hy permission, from “ X^ray Crystallography by M. J. u g , 
1942; published by John Wiley (Sc Sons, Iric,) 






I • 


Fio 17-1 I /J. crywtal photogra{)h taken with flat-film camera. (Same data as 

in Fi^- 17’1 1 ^ J same acknowledgment.) 
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for different axes are fairly straightforward. For full-rotation patterns 
from an unknown complex crystal, the analysis becomes rather involved 
so that occasionally errors occur in the interpretation. 

4. Ewald’s Reciprocal Lattice. To aid in the interpretation of com- 
plex rotation patterns, one may resort to a helpful geometrical concept 
first suggested by Ewald,^ known as the ''reciprocal lattice.” This 
concept is also useful in crystal analysis by other methods, notably the 
Fourier series representation (Sec. 16-12). It is most helpful in the 



Fig. 17-12. — Illustrating construction of a reciprocal lattice. 


case of crystals having a low order of symmetry, especially nonorthogonnl 
crystals, that is, crystals for which one or more of the angles a, /3, 7 is 
not 90° — hexagonal, rhombohedral, monoclinic, and triclinic. A good 
account of the interpretation of rotation patterns, making use of reciprocal 
lattice theory, has been given by Bernal. ^ The study of x-ray diffraction 
continually makes use of the concept of Bragg reflections from sets of 
planes inclined at various angles to one another in three dimensions. 
The difficulty of visualizing such a system of planes is simplified some- 
what by considering their normals instead, since these uniquely deter- 
mine the orientation of the corresponding planes yet have only one 
dimension rather than two. 

The reciprocal lattice is one built up according to arbitrary mathe- 
matical conventions from any given space-lattice. Select any set of 
planes in a space-lattice, having indices (hkl). In Fig. 17-12, for example, 
where OA and OB have been taken as the A and B axes, consider the 
(130) planes MN, QR, ST, UV, etc. In this figure, l^V is the nearest 
rational (130) plane to the origin, because its A and B intercepts are 

1 P. P. Ewald, Z. KrisL, 66, 129 (1921). 

® J. D. Bernal, Proc, Roy. Soc. {London) A, 113, 117 (1927). 
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the integers 3 and 1, respectively. According to equation (14-1) or 
(14-2), there are three planes between it and the origin O, namely, MN, 
QR, and ST. In constructing the reciprocal lattice, the key plane in 
such a set is always the one nearest the origin, namely, QR in the example. 
Its distance from the origin is, of course, the interplanar distance dhki 
(except for complex spacings, as in Fig. 16-11) for the set of planes in 
question, or disc in this case. To be definite, suppose that dhki = 1.25 A. 
The line OX from the origin perpendicular to tl^set of planes is drawn 
next, toward the planes in question. If the (130) planes were under 
consideration, the line would be drawn in the opposite direction, OX'. 
Next, an arbitrary constant G is selected; in the example, it may be 
supposed that G = 0.842 so as to have a definite value in mind. The 
reciprocal feature of the new lattice enters in the next step. The recip- 
rocal p for the set of planes {hkt), or (130) in this case, is defined as 
G'^/dhM or 0.71/1.25 = 0.568. One then marks off this reciprocal distance 
p from O along the line OX, thus arriving at the point P in the figure, 
where OP = 0.568 (in., say). P is then a point in the new reciprocal 
lattice. It represents the (hkl) planes, or the (130) planes in this case. 
Since these points in the reciprocal lattice are to be associated with 
the spots in the diffraction pattern, P may be thought of as associated 
with the first-order diffraction from this set of planes. In analyzing 


diffraction patterns, one usually thinks of the second-order diffraction 
maxima from a set of planes with spacing d as though they were first- 


order reflections from a “doubled” 


sot of fictitious planes having spacing 


In the present example, the second-order reflections may be regarded 
as due to a set of “ (260) ” planes, the thii-d-order reflections as due to a 
set of “ (390) ” planes, etc. The reciprocals for these imaginary planes 
are of course 2p, 3p, etc., and the lattice points that represent them are 
P', P", etc., in Fig. 17-12, where OP = PP' = F'P", etc. In the case 
of planes with complex spacing, as in Fig. 16-12, one assigns multiple 
values to d, such as d = p and d = q. The reciprocals p for the set then 


correspond to G'^/d, 2G^/d, ZG^/d, etc. 

One sees that the reciprocal lattice is an “artificial” one in which 
each family of planes in the real lattice is represented by a group of 
points, according to an arbitrary reciprocal vector relationship, for p has 
all the characteristics of a reciprocal vector. Of course. Fig. 17-12 is 


only a two-dimensional diagram, which arbitrarily limits the discussion 
to the [001] zone. When all zones are considerecl, the reciprocal lattice 
is a three-dimensional array of points, resembling the original lattice 
in this respect. That is, the point P in Fig. 17-12 is only one of a geo- 
metrical array of such reciprocal lattice points, represented in Fig. 17-13 
by small circles. This may be seen by drawing the normal OB to the 
(010) planes OAC and the normal OA' to the (100) planes OBC. These 
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lines OA', OB', and OC', which is normal to the paper at O, are the axes 
of the reciprocal lattice. Marking off the appropriate p, 2p, 3p, etc., 
intervals along these axes, one constructs the system of recipi\)cal 
lattice points as shown. These rows of points correspond to A = 0, 



Fig. 17-13. — Illustrating structure of a recdproi-.al lattice. 

E B 



1, 2, etc., and /b = 0, 1, 2, 3, etc., as shown. If the diagram is drawn to 
scale, it will be found that the point P corresponds to h — 1 anti k = 3 
as shown, which is as it should be, since it represents (130). If oik^ now 
visualizes this construction extended to three dimensions, he will have a 
concept of the regular geometric character of the reciprocal lat.titH' and 
its resemblance to an actual lattice. 

The reciprocal lattice having been constructed, its points will be an 
assemblage surrounding the origin O, as represented by the numerous dots 
17-14. One of these points is P, which was located by moving 
out a distance p = OP from the origin O, in a direction perpendicular to 
a set of planes parallel to UK in the original lattice. Supposes that a 
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beam of x-rays of wave length X is incident upon these planes HK in 
the direction AO, at an angle AOH = 6. A diffracted beam is to be 
expected in the direction OB (where angle BOK = 6) if and only if 

X = 2d sin 6 (17-8) 

supposing n — 1, tentatively. Since p = G'^/d by definition, the Bragg 
condition (17-8) becomes 

® 

From this, the above condition can be rephrased as follows: A diffracted 
beam (from planes HK, Fig. 17-14) is to be expected if and only if P 
lies on the sphere OMP in the figure. This sphere was arbitrarily drawn 


E 



Fto. 17-15. — Tlio limiting sphere. 


through the origin O, with its center C on the incident ray AO, at a 
distance CO from O etiual to (?VX, which is the radius of the sphere. 
This sphere is called tlie “ lOwald sphere’' or “sphere of reflection” 
because reciprocal latiiice points such as P will reflect the primary beam 
only when they lie on its sui-face. The mathematics of the reciprocal 
lattice is c.( insider alily simplified by choosing G equal to the square root 
of the wave length so tliat, fbci T-atlius of the sphere of reflection equals 1. 
^^^le sjihere intersects the inc.idcmt x-ray beam at M. If P lies on this 
sphere of i'efl(H;ti<)n, then angle MPO — 90°, being inscribed in a 
semicircle. Sinc^e angle POH — 90°, MP is parallel to HO and angle 
PMO = 6. Hence, in the triangle sin d = pX/2(r^, so that Bragg s 

condition [(17-8) and (17-9)] holds provided that P is on the sphere. 

If one now supposes th(i crystal mounted on its spindle in a rotation 
camera and rotated al)f)ut an axis EF perpendicular to the primary 


beam AO, it ff)llows that the sphere of reflection will sweep about this 
axis generating a torus in the reciprocal lattice space, as indicated in 
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Fig. 17-15. Since for every set of planes QiM) there is a corresponding 
set (AH) on the opposite side of 0, it follows that the points of the recip- 
rocal lattice will occur in pairs on opposite sides of and equidistant 
from 0. Any given pair of points will in general pass through the surface 
of the reflecting sphere four times (each point passes in and then out 
of the sphere) for each of its revolutions about the torus, that is, for 
each revolution of the crystal. Hence each set of planes Qikl) will in 
general produce four diffraction spots on the film. The higher order 
spots P', P", etc. (Fig. 17-12) already mentioned, corresponding to 
higher order (n = 2, 3, etc.) diffraction, frequently lie so far from O 
that they are entirely missed by the sphere of reflection in its journey 
around the torus. It is clear from Fig. 17-15 that some reciprocal lattice 
points near the top and bottom of the sphere ABCD of radius 20'^/X, but 
within it, will fail to produce diffracted beams when the crystal is rotated 
about the axis EF] but if a rotation axis such as MN or one perpendicular 
to the plane of the diagram were selected, most of these points would 
be made to diffract. It is also seen that reciprocal lattice points outside 
the sphere ABCD can never diffract; the sphere ABCD is therefore 
called the “limiting sphere.” The points outside the limiting sphere 
represent sets of planes for which n\ > 2d so that sin d would be greater 
than 1, in Bragg’s law. 

Supposing that a flat film is used in obtaining the rotation diagram, 
as indicated in Fig. 17-lOa, let the crystal-to-film distance be represented 
by D. From the mathematics of the reciprocal lattice, Bernal has 
prepared charts, for D = 10 cm., which make it easier to identify the 
spots in a rotation diagram. Ten centimeters is greater than the usual 
crystal-to-film distance, but the diffraction pattern may be enlarged 
to the size corresponding to this distance; then, by placing one of Bernal’s 
charts (on translucent paper) ^ over it, the problem of identifying the 
spots is simplified. Bernal has prepared such charts foi* both flat and 
cylindrical film. Even with their help, the identification of the reflections 
is a process in which errors may arise. One of the most important, 
sources of error is the difficulty of determining the cylindrical coordinate’- 
angle w of the reciprocal lattice points responsible for the observed 
reflections. This difficulty may be minimized by taking one or mon^ 
oscillation photographs in which the crystal is oscillated through a 
limited angle about a known position, using the heart-shaped cam 
arrangement already described. 

When the crystal has been rotated about each of its crystallograplii(i 
axes so as to deduce the identity periods of the lattice along the axes 

^ Printed on tracing paper in Proc. Roy. Soc. {London) A, 113, 130, 132, 156 (1<)27). 

* For mathematical convenience, cylindrical coordinates and « are usually 
employed to locate the reciprocal lattice points. 
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from the separation of the layer lines, the unit cell is ordinarily < 
mined, or at any rate some unit cell is determined. In some cases 
that of calcite, the cell thus determined may be doubly primitive 
another cell may be pi*eferable because it is truly primitive or has 
advantages. Determination of the unit cell is usually simpler and 
than determination of the space group. After identifying all the 
important reflections, it is then possible to determine which clasi 
reflections are suppressed, as explained in Sec. 16 - 6 . If it turn 
that h, k, and I are all odd or all even for all reflections, for exam] 
follows that the lattice is face-centered. From considerations of thii 
the space group may be determined eventually. 

6. Moving-film Methods for a Single Crystal. In the discuss; 
the rotating-crystal method, it has been brought out that the iden 
tion of a diffraction spot on a photographic film or plate involv< 
determination of three coordinates (represented by the three coord: 
of a reciprocal lattice point) from the position of a spot on a two-d 
sional film. In order to lessen the difficulty of identifying the reflec 
various moving-film methods have been devised with the idea of m 
the position of each spot on the film represent all three cylin 
coordinates of the corresponding reciprocal lattice point. 

For a discussion of the moving-film methods, the reader is re 
to the book by M. J. Buerger entitled “X-ray Crystallograj 
Among such methods may be mentioned the “normal-beam W( 
berg method,” the “ eciuiinclination Weissenberg method,” the “£ 
method,” the “Schiebold method,” and the “de Jong and Be 
method.” 

QUESTIONS AND PROBLEMS 

1. What metal is usual in the x-ray tube target for Lane patterns? Ho 
the voltage used compare with the usual 30 to 40 kv. common in other diff 
work? What is a guardetl pinhole? In taking a Lane photograph, what j 
the choice of the crystal- to-film distance? What are goniometer arcs? 

2. A Ijaue spot aS (Fig. 17-3) is located 1.5 cm. from the central spot C. 

the distance CP from C to the corresponding gnomonic point P, if the crystal 
(listance D is 5 cm.? Arts. 34.13f 

3. Why is the symmetry of the Laue pattern ofteii higher than that of the 
from which it was obtained? I'^rom the symmetry of the Ijaue pattern, alo 
one distinguish between crystals with tx V a space group and those with a 

group? _ 

4. In Fig. 17-4, ma,rk the spot where the (532) gnomonic point would ap 
it were present. Is it usual to have an important zone axis parallel or perper 
to the primary beam in taking a Ijaue pattern? A rotation pattern? In wh< 
does the technique of photographing a rotation pattern differ from that for 
p.attern? 

6- If the distance betwe(m tl»o z<jro-order and the first-order layer lim 

^ John Wil<^y & Sons, Inc., New York, 1942. 
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cylindrical-film (Fig. 17-106) rotation pattern is 1.5 cm., what is the identity period 
of the lattice along the rotation axis if the film radius is 5 cm. and a copper target 
is used (X = 1.54 A.)? Ans. 5.365 A. 

6 . When G is taken equal to y/\, as is usual in constructing the reciprocal lattice, 
Bragg’s law reduces to what simple equation, in terms of p? What is the diameter 
of the sphere of reflection, in this case? Of the limiting sphere? Explain why four 
spots are to be expected (unless suppressed) in the full-rotation pattern for any given 
order of diffraction from the {hkl) planes. 

7. What is the purpose of taking oscillation patterns to supplement rotation 
patterns? What are row lines in such patterns? Explain how one would lay out 
the profile of the cam used in taking oscillation patterns. 

8. An orthorhombic crystal has lattice constants a, 6, and c. If molybdenum Ka 
radiation (X = 0.71 A.) is used, give the coordinates (with respect to the crystallo- 
graphic axes) of the reciprocal lattice points for the { 100} form. What is the purpose 
of devising moving-film methods of crystal analysis? 



CHAPTER 18 

THE HULI.-DEBYE-SCHERRER POWDER METHOD 


1. Introduction. The methods of crystal analysis thus far describe 
have presupposed the availability of a singles crystal reasonably fr 
from twinning or distortion. It is true that the rotation method requir 
only a small crystal, but even so this limitation is a severe restrict!* 
to one who is interested in the ultimate structure of wood, rubber, brai 
steel, and other solids of commercial importance. The question of t 
structure of liquids and gases also remains untouched, so far as any 
the techniques thus far discussed are concerned. Nevertheless, soi 
familiarity with such concepts as the structure factor, the recipro< 
lattice, and the possibilities of Fourier analysis are most helpful in t 
study of the powder method and its applications. 

The powder method was first used successfully about 191 G. Del: 
and Scherrer^ in Germany and IlulP in the United States, worki 
independently of each otlun*, obtained x-ray diffraction patterns fr* 


aggregates of microscopic crystals, that is, from ‘‘powders,” at ab< 


this time. 


This new method mad(‘ it ])ossiblc to deduce the crys 


structure of metals and other solids of commorinal importance. B 


soon deduced the crystal struc.turi^ of iron, aluminum, sili(*.on, magnesk 
sodium, lithium, nickel, grapliiti'*, etc.. InciiUmtally, x-ray diffract 
shows that graphite, lampblack, and diamond, the thriK'f common allotro 
forms of carbon, differ in crystal structun^, as might be expected.® 
the person interested in the practical api>li(^at.ions of x-rays, the pow 
method is far more than a method of c.ryst.al analysis, like the Bn 
method, the Laue method, or the rotation nu’ithod. Since the sam 
may be in its ordinary natural jiolyc.i’ystalline condition, the x-: 
pattern is able to reveal information regarding three characteris' 
of the solid that liave as much ])ractic.al inqxirtanco as the struct 
of the individual crysta.ls that composi^ it. These three import 
characteristics are (1) tlie av<‘ra.ge sizi^ of the crystals, commonly ca 
the “grain size”; (2) tlie absimce or ])r(\sence of any tendency for 


crystals to orient thems(dvt^s in a i>ref(M’i-(Hl manner (the absence 


iP. Dohyc and V. Rdiernu*, Narhr. kgl. Gcs. II /.ss. GdUingen (1915-1916); P/j 
17, 277 (1916), 18, 291 (1917). 

2 A. W. Hull, Hiv., 9, 84, 564 (1917), 10, 661 (1917). 

'* For a compariHou of graphin'* with variotis hin»phla<*.ks, sec ,1. Biscoe aa* 
]*]. Warrcii, .7. Applied Phi/s., 13, 364 (1942). 
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this condition is “random orientation,” its presence “preferred orienta- 
tion , both degree and direction of the preferred orientation, sometimes 
called the “texture,” may be deduced from powder patterns); (3) actual 
bending, twisting, or similar mechanical distortion of the crystals, com- 
monly called “grain distortion” or strain. 

2. Powder Cameras. Essentially, a camera for recording the Hull- 
Debye-Scherrer type of x-ray diffraction pattern need consist only 
of (1) a collimating tube orovided with collinear pinholes (or, in some 



cases, slits), as in a Laue camera; (2) a filter to separate the K„ from the Ka 
mes, eliminating the latter, since monochromatic radiation is used; 
(3) a support for the specimen, which may be stationary, although 
rotation IS often desirable and sometimes necessary; (4) a c.assette or 
ighttight holder for the photographic film. Figure 18-1 illustrates 
the simplest type of powder camera. It may be called a flat-film trans- 
mission type of powder camera, for the patterns obtained with it are one 
type of transmission pattern. In the figure, A is the collimating pinhole 
assembly, X is the specimen, and C is the cassette. The sket(4i is drawn 
in elevation, with the cassette represented in perspective l>ut tlui other 
parts m section. The x-ray tube with its target T, envelope G, and 
bindemann or beryllium windows W should be enclosed in a (chamber 
the walls B of which are usually made of lead, bronze, or steel, thick 
mmugh to afford protection to persons working near by (see (Uiap. 10). 

IS c lamber may be omitted if the tube is rayproof (page 202) 'The 
tube and its chamlier are usually placed upright in the center of a table 
with the high-voltage supply underneath. The chamber is provided 
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with two or more openings ^ in. or less in diameter, in line with the tube 
windows, spaced equally around the circumference, one for each camera. 
Two windows at opposite ends of the elongated focal spot (page 18) is 
a popular arrangement. The chamber and tube should both be as 
slender as practical to minimize the distance MO because of the inverse- 
square law of decreasing intensity. M is the focal spot, and O is one of 
the openings. 

The cameras arranged about the tube are inclined slightly, say 5 
to 15°, above or below the horizontal, as indicated in Fig. 18-1 viewed 
as drawn or inverted. The pinholes Hx and Hz are usually about 2 to 

in. apart and 0.005 to 0.040 in. in diameter, depending upon whether 
speed or fine detail in the pattern is more urgent, 0.025 in. being an 
average size. Pinhole i/a is a guard for Hz, as explained for the Laue 
camera (Fig. 17-1). /S is a lead shield 2 or 3 in. in diameter and about 
•I in. thick, intended to intercept all the rays which pass through O except 
those which enter the pinhole Hx. If only a small filter F is available, 
it may be inserted between the window W and the first pinhole H, as 
shown in the figure. If a large filter can be obtained, it is preferable 
to place it in front of and near the film so that it will absorb secondary 
rays from the sample. As explained in Chap. 5, the filter should be of 
zirconium, 1 nickel, iron, or manganese, respectively, for tube targets of 
molybdenum, copper, cobalt, or iron. A pioco of nickel foil 0.001 in. 
thick or nickel oxide of equivalent absorption is suitable as a filter for 
copper radiation; iron or soft steel foil or iron oxide is suitable as a 
filter for cobalt radiation. Manganese being brittle, a compound 
with light elements such as oxygen may be preferable as a filter for iron 
radiation. A hundredth of a gram of manganese atoms per square 
centimeter of filter should be sufficient. When the precision of measure- 
ment of the intensities is specially important, a balanced filter ^ or 
“Ross filter” is sometimes used.^ This will be described in Sec. 19-5. 
Molybdenum, copper, and cobalt are probably the most valuable target 
metals for all-round commercial work with powder cameras. For more 
extensive work or for special applications, chromium and nickel, plus 
tungsten for Laue patterns, are useful. A demountal>lc tube with a 
variety of targets or, more (conveniently, a series of sealed-off tubes 
will serve. 

In Fig. 18-1, X represents the sample, which, for the moment, may bo 

1 See p. 335. Sheets of zirconium oxide with dimensions of several inches are 
available from the Patterson S<creen I>ivision, h]. T. du Pont do Nemours «fe Co. Inc., 
Towanda, Pa. 

* J. C. Clark and R. II. KslinR, Rev. Erl. /nMrument.<i, 13, 383 (1942) suggest that 
a wide varitdv of x-ray filters may be prepared by vacuum distillation of metals onto 
a cellophane backing. 



394 


X-RAYS IN PRACTICE 


[CVhap. is 


regarded as a piece of steel etched down to a thickness of about 0.001 in. 
It should be supported close to or against the pinhole Hz. The cassette 
C may consist of a fiat plate L, next to which the film envelope P, usually 
of black paper, is pressed and held flat by the frame D. A thin sheet 
of Bakelite sometimes serves as a light shield, instead of bhu^k paper. 
The small lead button or cup B is supported by the rod or wire R in a 
position where it will intercept the main undifl'racted part of t.lie trans- 
mitted primary beam. A fast nonscreen type of film, pi'oferiibly having 
an emulsion on one side only, is desirable for most dilTracition \\a)rk, as 
mentioned in Sec. 9—2. The minimum potentials at whicih tlu? charac- 
teristic K radiation is excited are 20.0 kv. for molybdenum, 8.80 kv. for 
copper, 7.71 kv. for cobalt, and 7.10 kv. for iron; it is necessary to operat.Cf 
the tube above these potentials, of course. Thirty to forty kilovolts 
is a common operating potential for monochromatic x-ray difTi’action 
work. A beryllium window helps to reduce exposure time, es|;)e(aally 
with copper, nickel, cobalt, iron, and chromium targets, as mentioned 
on page 111. Compared with a Laue camera, a simple flat- film powder 
transmission camera uses filtered characteristic; radiat.ion rath{‘r than 
the continuous radiation from a tungsten target; the ])olycrystalline 
sample requires no provision for alignment of tlu^ (o*yst.al axes, as 
in a Laue camera, but provision may be mad(’j for rotating the 
specimen. 


A camera having a flat cassette, as represented in h'ig. 1 8- 1, is suitt'd 
for recording rays diffracted at Bragg angles {0) up to only alxmf, 20” or 
so. Since a wider range than this for d is frecpient.ly re<juir(‘d, tlx' (•a,ss(d,te 
often takes the form of a cylinder, as in the rotation m<‘thod, except that, 
the length of the cylinder is much loss. That is, tlu^ film us<‘d in a 
cylindrical cassette for powder work has tlu^ shape of a colljir or hoo]> 
rather than that of a stovepipe, as in the rotation method. .After the 
film is exposed, it is straightened, the result, ing strip l><‘ing som(‘ ttm 
times as long as its width. Figure 18-2d sliows a i)hi,n of th(‘ arrjingement 
this type of camera, O being the collimator and Ph'Rh' l,h<> (*N'lin(lri(‘{d 
film coaxial with the specimen /S, which may or may not. rotal,(><l about, 
its axis perpendicular to the plane of the diagram during t lu^ (exposure. 
A fluorescent window about i in. in diameter at O fa.<*ilit,ate.s ahgmnent 
of the specimen in the x-ray beam. Figure 18-2/^ shows om^ common 
of cylindrical powder camera. C is the collimator with its two slit.s and 
guard slit, which direct a thin horizontal ribbon of rays on t lu^ samph^ /S'. 
This may be a thin-walled glass capillary filhid wit.h 1,h(‘ sjunph' powdcu*; 
it may be rotated about its own axis by a small motor. 'Flu^ filter ancl 
film are bent to conform to the cylindrical hohUn- P, th<‘ c(‘nt,ra,l image 
being formed on the film near O. In order to company two diriertuit 
patterns on the same film, the “septum” D serves to stqiarafe l,he two 
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patterns from the sample tube when one end of it is filled with one powder, 
the other end with another. Several of these cameras, sometimes 10 or 
more, may be arranged radially around a central x-ray tube with its a^gis 
vertical, so as to obtain a number of patterns simultaneously. 

In either of the types of camera in Fig. 18-2, distances OP along 
the film from the central spot O are proportional to 20, whereas with the 
flat cassette, as in Fig. 18-1, the comparable distance BK is proportional 



Fig. 18 - 2 . — Two forms of cylindrical powder camera. 


to tan 26. In cameras of the type shown in Fig. 18-2, slits up to 4 in. 
•long by some 0.020 in. wide sometimes replace the pinlioles in the collima- 
tor, the length of the slits being parallel to the axis of the specimen 
and cylindrical film. The specimen is usually prepared in a cylindrical 
shape and mounted with its axis coincident with that of the film and 
parallel with and in line with the collimating slits, when slits aie used. 
Such a specimen might be a fine wire, or a thin-walled glass capillarj; 
containing the powder to be examined, or powder stiudc to a hair stretched 
taut, etc. Provision should lie made to rotate the sample about it£ 
own axis by motor drive, if desired. In order not to obstruct the rays 
diffracted back near the collimating tube, the latter is often tapered 
as shown, so that rays from S may reach the film near A A. 

Finally, among simple powder cameras, there is the back-reflectior 
type represented in Fig. 18-3. Here the primary beam from the collimat- 
ing tube and pinholes C passes through a hole IT in the flat cassette R 
and strikes the sample S, which may or may not be rotated slowly 
about an eccentric axis such as MN, parallel to (the axis of th< 


pinholes) during tlie exposure so as to sweep the primary beam over i 
large number oi crystals, thus reducing ring spottiness. This may b( 
called “scanning.” The only diffracted rays which strike the film an 
those which are diffracted at a Bragg angle 6 between about 75 and 90 
If the pinhole Q located that the points P and Q and the i;ing Xli 

lie on a sphere, then one may dispense with the first pinhole P. Thi 
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permits one to obtain any chosen ring such as XF with a reduced exposure 
time by using the Seemann-Bohlin focusing principle, which will be 
e^gplained on page 397. P is sometimes omitted even when the focusing 
condition is only approximately satisfied. It is always desirable to 


A 




Fig. 18-3. — Back-reflection camera. 


know the distance from film to specimen in any of these simple types 
of powder camera with an accuracy as good as that measurable by an 
ordinary scale — say to the nearest sixty-fourth of an inch. However, 
the type of work for which the back-reflection camera is adapted some- 
times calls for this distance to be known and reproduced in successive 

exposures within a tolerance of only about 
a thousandth of an inch. This requires a 
good solid camera frame and some precise 
means of gauging the distance. In addi- 
tion, the cassette must be provided with 
positive means for keeping the film flat. 
Figure 18-4 shows the usual appearance of 
a back-reflection cassette, as viewed from 
the specimen. The film, protecjted by 
sheet plastic P, is held down at its periph- 
ery by the frame F. At the hole cut in the 
center of the film for the passage of the 
primary beam, the film is held down by a 
nut N. The metal sectors SS protect a considerable area of the film from 
exposure and at the same time may servo to exert a slight pressure so as to 
keep the film flat. After an exposure is made on the areas PP, the secdiors 
SS may be moved so as to protect these areas j the area formerly pro- 
tected is then available for taking a comparison pattern with a different 
specimen, as may be seen in Fig. 21-9. The cassette may be rotated slowly 
about the axis of the primary beam during the exposure, further to reduce 
ring spottiness (see next section). 



Fig. 18-4. — Cassette with sectors 
for multiple exposure. 
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In addition to these widely used simple types, there are numerous 
special types of powder camera. Among these, one of the more popular 
is the Seemann-Bohlin’^ camera. Its chief advantage over the commoner 
types already described is its speed. As already mentioned, the expo- 
sures with ordinary cameras usually run from 1 hr. upward for metal 
samples, although patterns of the lighter metals and their compounds 
are sometimes obtainable in a few minutes. With a Seemann-Bohlin 
camera, the exposure time, even with a sample of a heavy metal such as 
copper, is usually only a few minutes. 



The principle of the camera is illustrated by the diagram in Fig. 18-5. 
The inside of the camera is cylindrical, a section being represented by the 
circle. The depth is ordinarily only about one-tenth the diameter, 
the camera being much shallower than the rotation camera described 
in Chap. 17. The sample X must have a cylindrical concave diffracting 
surface AB to conform with the curvature of the camera, this requirement 
being the camera's greatest disadvantage. In the case of a powder, 
it can be glued to a heavy paper, which then lies against the camera wall, 
cornstarch or gum tragacanth powder being used as a binder. Metal 
foil or thin sheet can be bent to the proper curvature; but, in the case 
of a massive block of metal, machining is necessary to obtain the required 
shape. This machining leaves the surface in a different crystalline condi- 
tion from its original one; but if the structure of the interior of the metal 
is the thing to bo investigated, the surface layers can be etched away 
with acid. The etch must bo deep if it is to remove the effects of cold 
working on the surfac*.o (‘omplotoly. The x-ray film is made to conform 
with the cylindrical surface MPN. The camera has only one slit S, 
which should l)c: (juito narrow, say 0.005 in. or so, and is usually only about 
i in. long, its length l)oing perpendicular to the plane of the diagram. 

1 H. ScemaMM, A nn. Physik, 69, 455 (1019); H. Bohlin, Ann. Physik, 61, 421 (1920). 
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This slit is placed as close to the focal spot T of the x-ray tube as practical, 
a large focal spot being satisfactory for this camera. Characteristic 
radiation is used, and a filter may be inserted in the beam between T 
and S to remove the K/s radiation. The monochromatic rays from S 
bathe the surface AB oi the specimen. 

Suppose some of the crystals at A are so oriented as to diffract some 
of the primary rays SA in the direction AP. Then some of the crystals 
at B will have the same orientation with respect to the primary rays SB, 
and hence they will diffract rays BP in such a direction that angle 
SAP = angle SBP. Since angles of equal size are inscribed in equal arcs, 
it follows that the rays AP and BP will intersect at the same point P 
where they strike the x-ray film on the circle SMPN. That is, there is a 
‘'focusing” action causing the diffracted rays from all parts of the rather 
extensive sample X to produce sharp diffraction lines at certain locations 
such as P on the film. This focusing effect accounts for the speed of the 
camera. It can be shown that the Bragg angle d at which the rays 
are diffracted is one-fourth the angle SOP subtended by the diffraction 
line P and the slit S. If the circumferential distance SABMP is L 
and the radius OP of the camera is R, then L/R gives the angle SOP in 
radians, of course. 

The general fogging of the film due to scattered and secondary 
radiation can be greatly reduced, according to Bozoi'th and Haworth, 
by using a bent-crystal focusing monochromator.^ This consists of a 
rock-salt crystal plastically bent so as to focus the diffracted x-rays 
upon the slit of the Seemann-Bohlin camera. Various attempts have 
been made to avoid the limitations imposed by the recpiirement of a 
cylindrical surface while retaining the speed advantage of the Seemann- 
Bohlin principle. Among these, a design by Stephen and l^arnes- is 
typical. One of the most outstanding devices for rediunng e.xposure 
time or gaining speed in x-ray diffraction work of various types is the 
Seller® slit. This is a multiple slit built up by spa(ung flat piec.tjs of 
lead foil parallel to each other and a fraction of a millimeter apart. 
Seller originally applied this type of slit to a Bragg spe(d.romet(ir, l)ut 
it has also been applied to various types of diffracition c.am(>ra. It 
permits one to use a broad x-ray beam in cameras and si)ectrogra])hs 
properly designed for them, without corresponding loss of resolving 
power. The slits used by Soller were 20.6 cm. long, t.he lengt.h of a 
Seller slit corresponding to the distance between slits in an ordinary 

1 R. M. Bozorth and F. E. Haworth, Phys. Rev., 63, .538 (11)38); aoo also i'. H. 
Smith, Rev. Sci. Instruments, 12, 312 (1941); P. Kirkpatrick, Rev. Sci. Instruments, 
12, 552 (1941). 

® R. A. Stephen and R. J. Barnes, Nature, 136, 79.3 (1935). 

3 W. Soller, Phys. Rev., 24, 158 (1924). 
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collimator. The distance between adjacent lead-foil sheets, correspom 
ing to the width of standard slits, was 1.24 mm. The lead foil was 0.( 
mm. thick. With such slits on a Bragg spectrometer, the molybdenu 
Kai-Kas doublet was readily resolved and the wave length ratio of tl 
Kaj to the Kax line was measured as 1,00604 as compared with t’ 
accepted value of 1.00605. 

In the United States, the four principal manufacturers of x-r: 
diffraction equipment, chiefly for taking powder jjat terns, are 


General Electric X-ray Corp., Chicago, III. 

Hayes Scientific Appliances, Urbana, III. 

North American Philips Co., Inc., New Vork, N.Y. 
Picker X-ray Corp., New York, N.Y. 


These commercial x-ray diffraction units (Fig. 18-6) consist of 
cabinet housing the electrical equip- t 
ment. The top of the cabinet is 
flat, serving as a table top. In the 
center of this is located the x-ray 
tube, which is shockproof and ray- 
proof in some models and provided 
with a shockproof and rayproof 
housing in others. Surrounding 
the tube, there are two or four 
tracks on which the diffraction cam- 
eras can be mounted. Sim^e line 
focus tubes (page 18) are used, two 
of these trac;ks are much more fa- 
vored than the otlier two, when four 
are present. One manufacturer 
provides a pt)rtable model in ad- 
dition, whei’cas anothcrr provides 
for (piick removal of tlie tulx^ from 
the cabinet for remote oi)eraf.ion 
by a shoc.kproof cable. 

For ])rccision wt)rk, nui-uvrous 
refinements arc incorpoi'ated into 
the construction of powder cam- 
eras.^ I^^or example, llonnay and 
Fankuchen- describe a pentaery- 
thritol crystal monochromator 
that may bo readily attached to 

(he factory-built units just mentioned. Two types of cylindri 

‘See, for example, M. J. Buerger, ./. Applied Phijn., 16, 501 (1945). 

D. H. Dounay and I. Fankuehen, Rev. Bci. fnstrunumts, 16, 128 (1944). 



1 ... 

Fro. 18-(). — Faotoi’y-huil t; x-ray 
fraction unit* {Courteat/ of Picker X 
Cor poral ion . ) 
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powder camera (Fig. 18-2 A) that have been evolved by W. L. Bragg 
and his coworkers after 20 years of intensive development have been 
described by Bradley, Lipson, and Fetch. ^ One of these is designed 
to be evacuated so as to eliminate the absorption of soft x-rays by the 
air. If chromium Ka radiation is used, 75 per cent of the rays are 
absorbed by the air in the camera alone, unless it is evacuated, A 
cylindrical powder camera for work where the sample may be heated to 
1000®C. (1832°F,) has been described by Hume-Rothery and Reynolds. ^ 
3. “Transmission” and “Back-reflection” Patterns. Hull-Debye- 
Scherrer patterns obtained with the simple type of powder camera 
shown in Fig. 18-1 are often called transmission patterns because the 
primary beam passes (is “transmitted”) through the sample and both 
the primary and the diffracted rays emerge on the opposite side. For 
illustration, suppose that the sample is made up of a large number of 
small face-centered cubic crystals, as, for example, in a piece of copper 
foil. As already explained in Chap. 16, the interplanar distances of the 
various sets of planes for a cubic crystal are given by 


oubicd (Jtkl) 


a 

TT^ 


(10-17) 


but, for a face-centered lattice, h, k and I must all be even or all odd, so 
far as the Bragg reflections are concerned, because of the suppressions. 
Therefore, in order of decreasing values of d, the Bragg reflections to be 
expected are: (IIJO, d = a/-\/3; (200), d = a/\/4; (220), d ~ a/-\/S; 

(311), d = a/Vn; (222), a/Vl2; (400), _d = a/VlO; (331), 

d = a/V^lO; (420), d = a/\/20; (422), d — a/'^24; (511) and (333), 

d = a/'\/27‘j (440), d = a/'\/32, etc. Here, the designation (222) for 
a Bragg reflection, for example, refers to the second-order refl(Hd.ions 
from the {111} form, that is, from the (111), (111), (HI), aiul (Til) seta 

of planes. The accepted way of stating this is to say that there are 

four “cooperating planes” or “equivalent planes” contributing to the 
(222) reflection in a powder sample. 

To help visualize the sequence of reflections to be expecttni, a diagram 
of the type shown in Fig. 18-7 is convenient. Distan(H>s fi-om the left 
edge of the diagram to any of the various vertical lines ai-e (Mpial to the 
square roots of the various integers given in the top row. The vertical 
lines in the second row, marked “simple cube,” represcnit the various 
Bragg reflections to be expected from a simple cubic; latti(;(;, as explained 
on page 347. The third row, marked “ body-centercsl (uihe,” has all 

1 A. J. Bradley, H. Lipson, and N. J. Fetch, J. ScL Ijisirumenta, 18, 216 (llHl); 
22, 57 (1945). 

2 W. Hume-Rothery and P. W. Reynolds, Proc. Roy. Sov. {London) A, 167, 25 
(1938). 



Sec. 3] 


THE HULL-DEBYE-SCHERRER POWDER METHOD 


401 


the reflections deleted for which h k I is odd, because they are 
suppressed. The fourth row, marked ‘Tace-centered cube,” has all 
reflections deleted except those for which h, k and I are all even or else all 
odd. The fifth row shows the reflections characteristic of a diamond 
type of cubic lattice (see page 359). 





‘5 

r 


2 'Si 

s 

L 

¥ 

I'i 

% 


1- JL 

K lif 

is 

iin 

lcO|< 

l^\r 

|1^ 

s 

Simple cube 
















Body centered cube 















Face centered cube 











Diamond cube 










Fig. 18-7. — ^Line sequences in cubic powder patterns 


Combining (16-17) with Bragg^s law, 


. ^ X 

sin 0 = K 

2 a 


(18-1) 


where h, k, and I are the indices of the Bragg reflections. Since the 
abscissas in Fig. 18-7 represent the values of the radical for the four 
simplest types of cubic lattice, the sequence of the vertical lines in the 
figure corresponds with the lines or rings to be expected in the diagram 
as 6 corresponds to sin d. Thus, face-centered cubic crystals in a powder 
sample should be expected to diffract the rays in the primary mono- 
chromatic beam so that the diffracted rays will diverge from it by 
certain dis(;reto angles, these angles forming a sequence which may 
be described as “a pair followed by a single ring (or line), thrice in succes- 
sion.” This is obvious from the fourth row in Fig. 18-7. It is also 
obvious that a body-centered cubic powder sample should yield a regular 
series of 13 lines or rings, followed by a break, whereas a simple cubic 
sample should yield a regular series of six lines or rings, followed by a 
break. A diamond c\d>ic powder sample is seen to yield a pattern con- 
sisting of a single line or ring followed by a series of pairs. 

Figure 18-8 illustrat(\s the manner in which the primary beam HS 
passes through th(i povvdtvr sample >8, (ionsisting of, say, 100,000 or more 
tiny crystals, and continues to the film, which it strikes at O. Assuming 
that the crystals arc face-ctuitered (;ubi(j, it seems probable that a few 
hundred of them would happen to have the proper orientation for the 
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(111) reflection to occur. The probability of any one crystal having the 
correct orientation obviously should be proportional to the number 
of “cooperating planes” involved. That is, a crystal is four-thirds as 
likely to be oriented for the (111) reflection as it is for the (200) reflection 
because there are four sets of planes in the {111} form but only three 



Fig. 18-8, — Formation of a tranamiywioii pattern. 



Fig. 18-9.— The Bragg angle 6 is only half of the angle of cliffraotiou. 

sets in the {100} form. Each crystal properly oriented for a (1 1 1 ) reflcie- 
tion will produce a diffracted ray that will deviate from the beam SC) 
(Fig. 18-8) by an angle 26 (see Fig. 18-9) given by ecpiation (18-1) when 
the radical is -s/S- The chances are that some of these few hiin<lr(Ml 
crystals will diffract their beams up, some down, some to the right, some: 
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^0 the left, and so on to every possible direction lying in the surface of 
tbe cone in Fig. 18-8. This cone of rays obviously will cause 

^ ring A A' on the flat film F, on the assumption that a simple flat-film 
^tansmission camera is used. Likewise, by chance, a few hundred other 
Crystals will be so oriented as to yield the (200) reflection, diffracting a 
Cone SBB' of rays, diverging from SO by an angle 2$ given by (18-1) 
^hen the radical is -v/ 4, Thus the pattern on the film will consist of a 
Series of concentric rings in the sequence “a pair (A A' and BB') followed 
hy a single ring (CC'), then another pair (DD' and EE') followed by a 
single ring, etc.,” which may be oft’ the edge of the film F, in the case 
of a flat cassette. 



Figure 18-10 shows a diffraction pattern obtained in this manner from a 
piece of sheet copper. The several hundred individual diffraction spots 
composing each ring are evi<lent. hlach spot represents a ray from one 
of the crystals in the sample which happened to have the right orientation 
to yield a Bragg reflection having indices corresponding to the particular 
ring in which it lies. The pair of rings DD' and EE' (Fig. 18-8) are to be 
seen in the four corners of Fig. 18-10. The shadow of the block B and 
rod li in Fig. 18-1 are also seen in Fig. 18-10. In order to ensure that some 
of the diffracted rays do not miss the film as tliey obviously did in 
Fig. 18-10, one may use the (cylindrical type (.)f camera described in the 
preceding section and represented diagrarnmatically in Fig. 18-11. 
The primary beam TS passes through the hole II in the cylindrical hoop 
of film, striking the specimen /S at the center of the hoop. The coaxial 
cones of diffracted rays strike the film at A A', BB' , CC', etc., producing 
arcs that will have sharp curvature near O, as at A A', but lessened curva- 
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ture at BB', CC', etc. These arcs become straight lines at DD' when the 
Bragg angle 6 is 46°. For diffraction angles greater than this, the 
so-called “back-reflection” pattern is formed on the rear half of the hoop 
by cones of rays such as SEE', SFF', etc. Here again, the pattern will 
consist of arcs with their curvature becoming more pronounced as the 
hole H is approached. 


r 



Fig. 18 - 11 . — Formation of a powder pattorii in a eylimlrieiil <niiiiora. 

When the transmission pattern is of paramount intcin^st, two ends 
of the film strip should be near F and F' (Fig. 18-11). For b:ick-i-(‘[lec- 
tion studies, they should be near A and A'. For greatest acicuraey iti 
determining the Bragg angle 6 corresponding to a “line” such as th<* 
arc at C, both ends of the film are placed at D (or D'), this pnxuHlure being 
known as the “Straumanis technique.’” When the film is straightened, 
H is located midway between arcs F and F' (or E and E'), and () is loerai.ed 
midway between A and A', or B and B', etc. Then since angle OSJf = tt 
radians, it follows that an angle like OSC is -j-x radians if distanexi OO 
is one-fourth of distance ODH, for example. Thus the angle nu^asure- 
^ M. Straumanis and A. levins, Naiurwissenschaften, 23, 833 (l<.)3r)). 
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becomes independent of camera diameter, and errors due to film 
shrinkage are eliminated. 

If the strip of film is placed with its ends at F and F' in the camera, it 
will look like Fig. 18-12 (a powder pattern of lead) when it is laid out flat. 
It will be noticed that the arcs of rings in this pattern do not show the 
individual diffraction spots like the rings in Fig. 18-10. The reason for 
this is that the crystals are finer, so that the portion of the sample pene- 
trated by the primary beam had, say, 5 million crystals in it instead of 
lOO thousand, as before. Consequently there are, say, fifty times as 
many spots as before, and they are so small and so closely spaced that 
they are no longer distinguishable on (resolved by) the x-ray film. In 
some types of work, it is desirable to obtain continuous rather than 
spotty rings, even though the sample may be fairly coarse grained. By 
rotating the sample continuously during the exposure, a greater propor- 



18-12. — Powder pattern of lead, taken with a cylindri(5al camera. The letters/^', O, F 
indicate the corresponding jjositions in Fig. 18-11. 


ti<.)n of the crystals can be brought into the proper orientation to diffract 
so that, continuous rings are obtained from coarser samples than is 
possililc without rotation. The rear half of the film hoop DEFHF'E'D' 
ill Fig. 18-11 is the back-reflection pattern of lead. 

4. Preparation and Mounting of the Specimen. If it is desired to 
olitaiii a powder pattern of a material for the purpose of determining 
its clieinuial composition or in order to investigate its crystal structure, 
then it sliould bo reduced to a fine powder. If it is a material that 
can b(^ ground up in a mortar, then this should be done. If it is a metal, 
fine lilings may l)e ol)tained, ])y using light pressure on a fine, clean file. 
Xhe ])o\vdcr or filings should be sieved through a 200-mesh (per inch) 
seroen or cloth. Having obtained the powder, one may mix it with 
Cktna<la balsam to produce a thick paste, which is coated onto a human 
hair; f.his is tlicn mounted taut in a lino perpendicular to the primary 
beam. 'This type of specimen is suitable for soft rays like iron Ka 
imdiation, provided that the powder is not hygroscopic. For this type 
of sample, a c^arnera having a vertical axis is preferable, so that one may 
siisptmd the hair and hang a small weight on it to keep it taut and 
vertical. A motor-tlriven susiiension capalile of rotating the hair about 
its own axis should bo provided. ’ If the axis of the camera is not vertical, 

1 Seo, for oxsirnplo, A. J. Brjuilc'.yj H- bipso", a.acl N. J. Fetch, J. Sci. Instruments, 
18, 216 (1941); 22, 57 (1915). 
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a glass tube or rod drawn down to a diameter of about 0.01 in. may 
be substituted for the hair; if molybdenum Ka radiation (which is hard 
enough to penetrate thin glass) is to be used, one may prepare a more 
durable specimen, better adapted to hygroscopic material, by loading 
the powder into a thin-walled glass tube having an inside diameter of 
about ^ mm, Pyrex glass or any easily worked lead-free glass is suitable 
for drawing into such tubes. Glass tubes are well adapted for producing 
two patterns (an unknown and a standard for comparison) on a single 
film, by using a camera with a septum (Fig. 18-2jB). For this purpose, a 
tiny piece of cotton is pushed into the center of the tube with a '' rani- 
rod’’ of Nichrome wire. Then the standard powder (usually NaC'l) is 
worked into one end of the tube, a very little at a time, and shaken down 
by tapping with a pencil, for example. After filling, the end of the tube 
may be sealed with a tiny piece of wax (which should be kept out of the 
x-ray beam during the exposure), a miniature soldering iron or similar 
device being used. The other end of the tube may be filled in the same 
way with the unknown powder. If this is hygroscopic, it should be 
loaded into the tube from a cup or mortar heated to about 100°C., after 
which the tube should be sealed quickly. The tube should be accurately 
centered in the beam and rotated during the exposure by a small motor. 
With a simple flat-cassette powder camera, the powder may be enclose<l 
between two sheets of Cellophane cemented to opposite faces of a -;i— in. 
brass washer, which is mounted concentric with and next t<.) the final 
pinhole. This sacrifices the advantages of rotation, however. 

As one might infer from the above remarks, glass, hair, and C’anada 
balsam yield very faint, ill-defined x-ray diffraction patterns. Glass 
has an amorphous structure that is sometimes described as a “sup<a'- 
cooled liquid.” Hair is mostly cellulose, an organic material with a. 
complex, not highly regular, structure consisting of atoms of low atomic, 
number (carbon, hydrogen, and oxygen). Canada balsam is an organic 
liquid. Other materials sometimes used as fillers, binders, or c.ontaiiK’irs 
because of their faint, ill-defined patterns are cornstarch, triigaciant h, 
and Cellophane. Powdered tragacanth is one of the best fillers from f.hc 
standpoint of the faintness of its diffraction pattern, but cornstarch is 
suitable for most work. Some workers prefer to make a paste by a< filing a 
little Canada balsam or thin shellac to the sample powder. Tht^ ]iastc^ is 
then extruded from a hypodermic needle by means of a wire iilungcu-, 
after which it is mounted like a glass tube specimen. Others prcsfer to 
mold the paste into a wedge, which is mounted so that the primary 
beam grazes its edge. Such wedges should be oscillated about thcur 
edge as an axis; extruded specimens may be rotated. 

A "^mm. -inside-diameter thin-walled glass tube full of fine aluininiini 
filings will yield a satisfactory powder pattern by using a liard prinia.ry 
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radiation like molybdenum K«, but the same tube filled with fine lead 
filings will not. The reason is that practically all rays ordinarily used 
in diffraction work will be absorbed by the lead, but this is not true of 
aluminum. A thinner sample should be used for absorbent materials 
like lead than for comparatively transparent materials like aluminum. 
With powdered material loaded into glass tubes, however, it is more 
convenient and practical to compensate for the absorption of the more 
opaque materials by diluting them with some filler like cornstarch, so 
that a standard-sized glass tube can be used for all samples. To deter- 
mine the proportion of filler to use, one should first estimate the average 
atomic number of the sample, if its composition is known. For example, 
if the sample is known to be bismuth subnitrate (BiONOs-HaO), a com- 
pound of one atom of bismuth (atomic number 83), one of nitrogen (7), 
five of oxygen (8), and two of hydrogen (1), then the average atomic 
number is one-ninth of 83 + 7 + 40 -f 2, or about 15. In general, 
there should be no dilution if this number is less than 10, about a 50-50 
dilution by volume for values from 10 to 15, a 2 parts filler to 1 part 
sample dilution from 15 to 20, a 3 to 1 dilution from 20 to 25, a 5 to 1 
dilution from 25 to 30, a 7 to 1 dilution from 35 to 70, and about a 10 to 1 
dilution for an average atomic number greater than 70. These figures 
are condensed from those given by W. P. Davey. Dilutions greater than 
10 to 1 are inadvisable because the number of crystals of the sample 
exposed to the beam becomes too small to give continuous lings in the 
pattern. If the sample is one being subjected to chemical analysis 
by diffraction methods, its average atomic number may not be known, 
even approximately. In this case, one may have to make a rough guess 
based on the density; or, better, three or four patterns may be taken with 
different dilutions of the sample, and the best one selected. 

If the problem is one of determining the grain size, orientation, or 
internal strains, then the sample must not be powdered, bent, heated, 
or treated in any way that will alter any of the factors to be determined. 
In preparing a transmission specimen of a piece of steel or other metal, 
for example, a sheet a few thousandths of an inch thick and i in. square 
or larger is usually desired unless the sample is a piece of wire or similar 
object not capable of reduction to sheet form. In the early stages of 
preparation, sawing, machining, grinding, etc., is permissible if done 
carefully so as to avoid any bending, or heating above about 200®C. 
After the thickness is reduced to iV in-, slow filing by hand will reduce 
it to about -g^ in. If it is too hard to file, a surface grinder may be used, 
a thousandth of an inch or so being taken off at a time, the work being 
done so slowly that the piece never becomes too hot to lay the finger on it. 
After ^ in. thickness is reached, the final reduction in thickness should 
be achieved by chemical et(^hing. Strong acids (sulfuric, hydrochloric, or 
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nitric) are most useful for this purpose. Sometimes the use of boiling 
concentrated nitric acid or aqua regia may be necessary. When the 
thickness reaches about a hundredth of an inch, care is necessary to see 
that the sample is not devoured entirely by the acid. It should be dipped 
in the acid for a second or two and then dipped in water, the process 
being repeated until the desired thickness is attained. 

Hull^ has derived the formula for the optimum thickness of such a 
sheet for transmission patterns, in terms of its linear absorption coefficient 
{X for the x-rays used. In Fig. 18-13, /o is the intensity of the primary 



Fig. 18-13. — For calculation of the optimum specimen thickness. 


X-ray beam AB that strikes the sample of thickness t cm. After penetrat- 
ing to C, its intensity is 

Ic = (5-5) ’ 

by Lambert’s law (Chap. 5). The initial intensity Id of the diffracted 
beam CD produced in the layer of thickness Ax will be proportional to 
Ic and to Ax, or 

Id = kic Ax = kl Ax 


This diffracted beam must penetrate a thickness CS of the sampler 
before emerging. If 26 is small, CS = t — x, approximately. There- 
fore the intensity AI of the emergent beam diffracted by the layer Ax is 

AI = Ax 


The intensity I of the emergent diffracted ray for the whole sample is 
the sum of the Al components for all the Ax layers in the samiile, or 

I = dx = khU-'^^ 

This will be a maximum when 


dt 


= kIo(e-i^^ — = kUe->^^{\ - /zO = 0 


or when 

^ A. W. Hull, Phys. Rev., 10, 669 
A. Taylor, Phil. Mag., 36, 632 (1944). 



(1917); 


(18-2) 


for a rigorous modern treatment, sec 
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For molybdenum K« radiation and a steel sample, the mass absorp- 
tion coefficient is 38.5 and the density of steel is about 7.8 g./crn.®, so 
that M is about 300. This gives t — cm. or about in. For a 
cylindrical sample, like a steel wire, the diameter should be slightly 
greater, say 0.002 in. Application of (18-2) to aluminum for molyb- 
denum Ka gives t = cm., or in. As a matter of practice, a thickness 
somewhat less than in. is advisable for aluminum in order to obtain 
sharp lines with molybdenum radiation, but one will experience difficulty 
in obtaining patterns of aluminum foil less than a thousandth of an 
inch thick unless softer radiation is used. One may stack pieces of foil 
to increase the thickness; but if crystal orientation is one of the features 
being investigated, it is essential to keep each layer of foil in its proper 
orientation in the stack. More details regarding the preparation of 
samples will be given at appropriate places in later chapters, as in back- 
reflection work. 

6. Exposure Time. The use of collimating pinholes or slits, soft 
radiation, and filters and the wastage of all except the small fraction 
of the primary beam that is diffracted — all combine to make the expo- 
sures in x-ray diffraction work much longer, as a rule, than in radiographic 
work. In the Lane method, the use of a single crystal and continuous 
radiation permit a pattern to be obtained in a few minutes, for each set of 
planes continuously diffracts a fair fraction of the primary rays of the 
proper wave length. In the rotating- or oscillating-crystal method, the 
use of monochromatic rays and rotation results in each set of planes 
having the proper orientation to diffract only for a very small fraction 
of the time, so that the exposure time is usually a matter of hours rather 
than minutes. In the powder method, the exposures are also long 
because tlio specimen consists of a large number of crystals, only a 
small fracdiion of which have the correct orientation in the primary beam 
to diffract the monochromatic rays at any instant. Fillers, binders, 
containers, or a hair support further reduce the efficiency of the diffrac- 
tion process with the powder method. 

lly using large pinholes, say 0.04 in. in diameter, within an inch or 
two of th(^ focal spot of a powerful water-cooled tube having a beryllium 
window, dispensing with the filter, and using a fast film and a light, 
highly c.i’ystalline transmission sample like sodium chloride, one can 
obtain a {jowder pattern in 5 min. or so. One may mount a Geiger 
counter behind a slit on a swivel, like the ionization chamber of Fig. 
l(>-2, and swing the slit and counter around the loop OABCDEF in 
Fig. 18-11, thus surveying the pattern in perhaps 1 hr.,’ as illustrate<I 
in Fig. 18-14. In routine work, where the intensity of only one reflection 

^ Soo, for oxainpl(‘, W. P. Dsivoy, P- P. Smith, and S. W. Hardiug, Ht'v. Eri. ffi-atru- 
nienls, 16, 37 (1944). 
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may be of interest, as in analyzing a series of samples chemically for 
the presence of a known constituent, one may take readings with a 
Geiger counter in this way almost as fast as the samples can be mounted 
in the apparatus.^ However, in average work, with fine pinholes, using 
photographic recording, the exposures generally run from 1 to 50 hr., the 
average being perhaps around 5 hr. 



FlO. 18-14. — X-ray diffraction unit for powdor HninplcH, with Ooi/^or (rountor ropcistration 
of the diffraction pattern. (^Conricfiy of North American P/rilijm (U)., lac.) 


6. Crystal Analysis by the Powder Method. As a first st(*p, one 
obtains as clear and comploto a powd(u- patl-eni as possible from a pure, 
well-pulverized, and preferably rotating sainpk^ of tlie material in 
question. Fine pinholes should bc^ used; usually, for a first att<nnpt, 
copper radiation with a nickel filttn* is a(lvisal)l(^ JOveryf.liing |)ossible 
should be done to protect the film from scat.terc!(l rays from objects 
other than the samj)le. As alr(‘ady not(^(l, a Ilull-Debyo-Scherrer 
pattern consists of a series of rings or arcs, each sul^t^Ciiiding a dilTorent 
doublc Bragg angle 26 at the sample. From tlw^ seric's of rings or arcs, 
one thus calculates a correspon<ling seric^s of 6 valu(\s and, knowing X 
and setting n = 1, the d values of the corresponding Ib-agg reflections. 
Then by a cut-and-try, or trial-and-error, process, onc^ assumes various 
tentative but likely structures and unit-cell siz(vs for the miiterial and 
^ Available from North American Philip.s ('o., Inc., New ^■ork, N.V. 
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calculates the reflections to be expected from each one. 
The correct guess wt.11 yield a series of calculated reflec- 
tions that wall correspond exactly, in order of decreas- 
ing d spacing, wrth the observed d values, missing none. 
Furthermore, one should be able to show a qualitative 
correlation between the intensities of the observed reflec- 
tions and the relative intensities of the various lines that 
might be expected from the assumed structure. 

When the structure is cubic, tetragonal, hexagonal, 
or rhombohedral, the guessing game is usually not so 
very difficult, after some experience; but for triclinic, 
monoclinic, and orthorhombic crystals, where there are 
from three to six variables (length of unit cell, axial 
ratios, and angles between axes) to choose, the pattern 
has a much larger number of lines to fit, and finding a fit 
by trial and error becomes impractical unless there is 
additional information to guide one. 

The application of the powder method to the analy- 
sis of a material with a simple structure may be illus- 
trated by studying the case of fluorite (CaFo) as an 
example. Figure 18-15 shows a transmission pattern 
of a fluorite powder sample taken with a camera of 
the type shown in Fig. 18-2B, the radius of thci camera 
being 3f in. Copper radiation was used. A glance 
at the pattern immediately brings to mind the bottom 
row of Fig. 18-7, the diamond cubic pattern, “a single 
line followed by a series of pairs.” Measuring the 
distances frt)m the undifl’racted image P to the various 
arcs and calling these distances in inches a-j, x-z, xz, etc.., 
one has Xi — 1.05, = 2.75, x-a = 3.2(), x^ = 4.02, 

ccb = 4.45, Xa = 5.13, and x^ = 5.54. Just from visual 
inspection of the pattern, one might descrilie the in- 
tensities of these reflections, respectively, as strong, very 
strong, strong, medium, medium, strong, aiid weak.^ 
Since the angle between the pn-imary and the dif- 
fracted ray is 26, it is obtained in radians by divid- 
ing the above x values by 3.375, the nulius of the 
camera. One thus obtains the following s(‘ri(>s of val- 
ues for 26: 0.489, 0.816, 0.965, 1.19, 1.32, 1.52, 1.64. 
Thus the 6 values in radians are 0.2445, 0.408, 0.4825, 
0.595, 0.66, 0.76, and 0.82, or, in degrees, 14°, 23°20', 

For more accurate methods of measuring intousitios, see 
Sec. 19-5. 



rrloT* Tko+.f.orTi nf flnnTit.A. iirihit nmrnpr TT^ radiation collimated by slits. 
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27°40', 34°6', 37°50', 43°30', and 47°. The sines of these angles are, 
respectively, 0.242, 0.396, 0.464, 0.561, 0.613, 0.690, and 0.731 j and the 
values of 2 sin d are 0.484, 0.792, C.928, 1.122, 1.226, 1.38, and 1.462. 
Applying Bragg's law, one has 

X 1.54 


d = 


2 sin d 0.484 


etc., so that the following d values are obtained: 3.18, 1.95, 1.66, 1.37, 
1.26, 1.117, and 1.052 A. 

As already noted, the pattern strongly resembles that of a diamond, 
which is known to have, for the carbon atoms, the unit-cell configuration 
000; MO; ^Oi; OM; Mi; ffi; fif ; Ml, there being 8 atoms per unit cell.i 
The chemical formula of fluorite (CaF 2 ) suggests 3, 6, 9, 12, etc., atoms 
per unit cell, that is, ICa atom and 2F atoms, or 2C'a and 4F, etc. Study- 
ing the diamond configuration, one notes that the 4 atoms 000; MO; iOi; 
and OM have a face-centered cubic arrangement and, the other 4 have 
arrangements Mi; Hi; fM ; and occupying internal positions in the 
cube that might be described as ‘'northeast and southwest downstairs” 
and “northwest and southeast upstairs.” This leaves 4 “ vacant spaces” 
in the cell that one could describe as “northwest and soutluuist down- 
stairs” and “northeast and southwest upstairs.” Granting that the 
CaF 2 structure resembles the diamond structure, which has 8 filled 
spaces and 4 vacant ones in its cell, what is a reasonable way to fit 3, 6, 9, 
or 12 atoms systematically into such a cell? A reasonable guess is, 
naturally, to fit the Ca atoms into the face-centered out(u- franunvork 
of the cell at 000 ; M^ ; ii^id fit the F atoms into f,h(‘ I inf.ei’nal 

occupied diamond-cell positions -Mt; ttt; ; and Ti i* i>lus the f vacant 
spaces just mentioned, namely, irH; tM; i'M; and r.H- ddiis gives -K'a 
atoms and 8F atoms per cell, the structure being cubic and strongly 
resembling diamond. 

Upon having made a “scientific guess” as to tlu’; typ<^ of st.nmture, 
the next step is to see whether this tentative hypothctt/nrjd st.ruciture 
would give the observed j)attern. Bin<^e the patt ern so sl.i-ongly r(‘seml)les 
the diamond pattern, one miglit suppose that tlu^ s<^v<ui lin<‘s in the 
pattern are, as in diamond, due to tlu; ndlecf.ions in the bottom row of 
Fig. 18-7, namely, (111), (220), (311), (400), (331), (122), and a combina- 
tion of (333) and (511). Chilculating tlu; structure factors for th(;se, 
one has, from 

FQikl) = (10-31) 

J 

the results listed in Tabh; 18-1. 

^ For further dotnilH, hcmi, for oxamph^, (5. D. Pn'ston, Naturv, 166, (>1) (l‘)4r>); 
K. Lonsdalb, 166, 144 (llM.'i); also App<Mi<lix .\I. 
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Table 18-1 


F(lll) = 4/ca 

F(IOO) = 0 

if’(321) « 0 

F(220) = 4/ca + 8/p 

ii’(llO) = 0 

F(322) » 0 

F(311) = 4/ca 

2? (200) = 0 

F(330) = 0 

2''(400) = 4/ca “h 8/p 

F(210) = 0 

F(420) * 0 

F{ZZ1) = 4/ca 

F(211) = 0 

^(421) = 0 

ii’(422) = 4/ca + 8/p 

F(300) »0 

if (332) = 0 

FiZZZ) = 4/ca 

F(310) = 0 

if’(430) = 0 

= 4/ca 

Fi222) = 0 

F(431) = 0 


if’ (320) = 0 



The number of cooperating planes for the reflections to be expected 
(those in column 1) are 4 for (111), 6 for (220), 12for(311), 3 for (400), 
12 for (331), 12 for (422), 4 for (333), and 12 for (511). On the assump- 
tion that the crystal is an ionic one, the number of orbital electrons in the 
Ca+''' ion is 18 and in the F“ ion is 10. From Table 18-1 it is seen that, 



Fig. 18-16. — Illustrating use of slide rule to chock analysis of materials with cubic crystal 

structure. 


as in diamond, one should expect the first 7 reflections to ^rrespond to a 
series of d values inversely proportional to ^/S, -s/S, -v/ll, s/lQ, -n/IO; 
V^24, and ’\/27 from equation (10-17) if the tentatively chosen structure 
is the true structure. This can be quickly verified with a slide rule bj 
pulling out the slide, reversing it, and replaiing it so that the figures or 
the slide are upside down. This makes the lower (formerly upper) scale 
on the slide read valuers inversely proportional to the square root of the 
valuers on the lowei’ main scale. One now marks the observed d valuei 
on the lower main scale (3.18, 1.95, 1.00, etc.) with a pencil, as showi 
in Fig. 18-10. Whem the slide is moved so that 3 on its lower scat 
coindeUis with 3.18 on the main scale, then it will be found immediately 
that the other peneol marks corre^spond to 8, 11, 10, 19, 24, and 27 oi 
the slide sc.ale. This immediately i)roves tluit the^ observed reflection 
all occur at exactly the same angles 6 as one would expect for the assignee 
structure, with none missing and no extra oik^s Icift over. 

Next, to check the intensities qualitatively, one may prepare a tabl 
such as 18-2. In the second column, sin 6/X is tabulated where X is ii 
angstrom units (1.54 A. for copper Ka). I'rom this, the atomic-structur 
factor for Ca+''' (third column) can be estimated from Table 16-4 (pag 
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Tablk 18-2 


Reflection 

sin d 

X 

fca++ 

/f“ 

F 

P 

U 

F^pU 

Observed 

intensity 

(111) 

■n 

15 

7.6 

60 

4 

3.64 

52,500 

Strong 



12.5 

5.6 

95 

6 

1.87 

101,000 

Very strong 

(311) 


11.5 

4.8 

46 

12 

1 .43 

36,400 

Strong 


0.36 

10.3 

4.0 

73 

3 

1.02 

16,300 

Medium 

(331) 

0.40 

9.3 

3.5 

37 

12 

0.865 

14,200 

Medium 

(422) 

0.45 

8.7 

3.1 

60 

12 

0.72 

31,000 

Strong 

(333)1 

(511)1 

0.47 

8.5 

3.0 

34 

16 

0.68 

13,630 

Weak 


356), and likewise the atomic-structure factor foi- F~ (fourth column). 
The crystal-structure factor F (column 5) is then calculated from (‘.olumns 
3 and 4 and Table 18-1. The number of cooperating planes are listed 
in the sixth column. At this point, it is helpful to review Sec. 16-11, 
where it was stated that R = QV for a minute crystal and R = Q/2\xi 
for Bragg reflections from a large crystal. Theoretical calculations for a 
powder sample yield the relation^ 

P = Qv r (18-3) 

where Q is given by (16-36), p is the number of C(>o]>orat.ing i)lanes, 
V is the volume of the sample irradiated by the primary beam of int ensity 
Iq, andP is the ratio of the power of the diffracted rays in oik^ of t lu^ c<>n(^s 
of rays (such as SCC' in Fig. 18-8) to la- That is, P n^presents the 
relative intensity of any given arc or ring in a <\vlindri(^al-canun'a powdcir 
pattern. For a flat-film camera, an inverse-s(iiia,r(>-law cori-ctct.ion enters, 

( 1 -f- c 
sin 

contains a p cos d factor, it follows from (18-3) that. P should be {>n)por- 
tional to F^pU where P = cos 0(14- eos*'* 20)/sin 20. Tliis is th<‘ factor 
tabulated in column 7 of Table 18-2. F^pl^ is tabulat(‘d in column 8, 
which then represents the relative intensiti(\s that should b<^ crxpected 
from the type of structure propositi for CaF-j. 'FliC) la.st (column rc^pre- 
sents the observed intensities as casually read off from Fig. 18-15. 
The qualitative correlation is evident. 

Thus it is seen that the structure guessed for CaF-j fully ac^counts for 
the observed positions of all the lines in Fig. 18-15 wit.li none missing 
or left over. Furthermore, the intensities of the: lines correspond to 

^ For the effect of absorption, see, for example, A. 'Taylor, I*hil. 36, 216 

(1944) ; Proc. Phys. Soc., 67, 108 (1945) ; B. K. Warren, ,/. ,1 pplird Phi/n., 16, 014 (1946). 


)S“ 20\ 
20 ) ' 


ind (18-3) 
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the intensities to be expected from the proposed structure. This i 
fairly conclusive evidence that the guessed structure is the true structure 
Microscopic examination of the individual fluorite powder particles wi 
show that they are cubical in shape like NaCl particles, and this fa( 
harmonizes with the hypothesis of a cubic lattice. Th^lattice constar 
a is obviously given by 3.18 \/3 or 1.95 \/8 or 1.66 -^/H or 1.37 -s/T^ <. 
1.26 VTD or 1.117 or 1.052 \/27. Averaging these values, or 

obtains 5.46 A. as the value of a. To restate the unit-cell configuratioi 
it is as follows: Ca — 000; 0^; ^O-^; — orj It I' 5 ■rri'j 'ir'I'J "1^ 

ttI; ttt; tt!:- This structure is the fifth Schoenflies type of holohedr; 
cubic lattices, and hence its space group is designated as 0|. 

As a further check on the structure, one should calculate the densil 
of .fluorite and compare it with the observed value. The atomic weigl 
of calcium is 40.08; of fluorine, 19.00. The mass of an atom of un 
atomic weight is 1.66 X 10“^^ g. Therefore the mass of the unit cell i 
atoms of Ca -h 8 atoms of F) is (4 X 40.08 + 8 X 19) X 1.66 X IQ-^^g 
and its volume is a« or (5.46 X 10“®)’* cm.® This gives a calculate 
density of 3.185 g./cm.® as compared wfith the accepted experimental vali 
of 3.180. Since all these calculations from the proposed structu: 
dovetail nicely with experimental results, one is now justified in sayir 
that this is the true structure of the fluorite crystal. Obviously, tl 


labor involved in this type of analysis is multiplied by the number 
AVTong guesses made regarding the structuie before the right one 
tested, and also the difficulty of the analysis becomes considerab 
greater for structures of lower symmetry such as hexagonal, rhomb 
liedral, etc. For a discussion of precise evaluation of lattice constants I 
the ])owder method, the reader may consult an article by Taylor ai 


Sinclair.* 

7. Hull-Davey Charts. To simplify the labor in the analysis 
tetragonal, hexagonal, and rhombohedral crystals, Hull and Dav< 
have prepared a series of charts® that play a rol<^ in the analysis of the 
crystals c()rrespt)nding to the role of the inverted slide rule in the fiuori 
examine just given. One of the Hull-Davey charts is shown in Fi 
18-17, for a face-centered tetragonal lattice. Its use can be simp 
illustrated by an example. If one calculates the d values in angstro 
units from a powder ]Kittern of the element indium, the values a 
found to he as follows: 2.72, 2.4(), 2.21), 1.68, 1.62, 1.462, 1.395, 1.35 
1.144, 1.088, 1.055, 1.040, 1.025, 0.980, 0.948, 0.905, 0.888, etc. On tJ 
theory that this eknnent may have a face-centered tetragonal structui 
lay a strip of paper along the scale seen at the bottom of Fig. 18-1 


I A. I'aylor and 11. Sinclair, Pror. Phys. Hoc., 67, 126 (1945); see also J. B. NoIs< 
and I). P. Uiicy> Proc- Phys. Hoc., 67, 160 (1945). 

“ A. W. Hull and W. P. Davey, Phys. Rev., 17, 549 (1921). 
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Immediately below 2.72 on the scale, make a mark at the edge of the 
paper. Without moving the paper, make similar marks below 2.46, 
2.29, 1,68, etc., just as they were made on the slide rule in Fig. 18-16. 
When all the marks have been made, the marked strip of paper will 
look like the one designated MN in the figure. Keep this strip in a 
horizontal position and shift it about the chart, keeping the right-hand 
mark (the one for the largest observed spacing, 2.72) in coincidence 
with the prominent curves at the right side of the graph. When the 
strip is placed in the position MN shown in the figure, all the marks 
on the strip match the various curves, as is seen. The edge of the strip 
of paper is seen to intersect the ordinate scale at 1.08 when this coinci- 
dence occurs. This indicates that the indium pattern is the same as 
one to be expected from a face-centered tetragonal lattice of axial ratio 
c/h = 1.08. Since a = 6 in tetragonal lattices, it follows that 

a ’ 

also. 

For reasons already mentioned, such charts are impractical for 
triclinic, monoclinic, and orthorhombic crystals. Bjurstrom^ has 
evolved a graphical method helpful in the analysis of orthorhombic 
crystals by the powder method. Unless specific clues are forthcoming 
from other sources, the powder method becomes impractical when com- 
pletely unknown materials having a triclinic or monoclinic structure are 
encountered. 

8. Summary of Crystal-analysis Results. By the various methods 
outlined in this chapter and the two preceding it, the crystal structure 
of nearly all the elements, many of the simi>ler inorganic compounds, 
alloys, and minerals, and a few organic compounds have been deduced. 
One will find the crystal system, space group, and lattice constants of 
most of these tabulated^ in recent editions of the “Handbook of Chemis- 
try and Physics.”® Unit-cell configurations, illustrated in many cases 
by diagrams, have been tabulated by Wyckoff in his books. 

In general, most of these structures are illustrated by a few funda- 
mental “types.” For example, some 21 elements have a face-centered 
cubic structure or may take on this structure under certain conditions. 
Elements or compounds that crystallize with different structures under 
different conditions are said to be “ allotropic,” “polymorphic,” or 
“pleomorphic,” and these different structures are called “allotropic 

^ T. Bjurstrom, Z. Physik, 69, 34G (1931). 

* See Appendix X. 

® C. D. Hodgnuin, editor, Chemical Rubber Publishing Co., Cleveland, Ohio. 

* R. W. Cx. Wyckoff, “The Structure of Crystals,” 2d ed., 1931, and supplement 
to the 2d cd., 1934, Reinhold Publishing Corporation, New York; sec Appendix XI. 
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forms. For example, black or red phosphorus is orthorhombic, whereas 
white or yellow phosphorus is cubic, both existing at room temperature. 
Other elements or compounds crystallize with dih:'ei;ent structures at 
different temperatures and are also said to be pleomorphic. For example, 
alpha iron is body-centered cubic at room temperature and retains 
this structure above the Curie point (770°C.), where its magnetic proper- 
ties change and it becomes known as “beta” iron. However, at 800°C., 
it becomes face-centered cubic and is then called “gamma” iron; from 
1425°C. up to the melting point (1535°C.), it reverts to the body-centered 
cubic structure and is called “delta” iron. Some 14 elements have or 
may assume a body-centered cubic structure, while some 15 are or may 
be hexagonal close-packed. A few have the diamond cubic structure, a 
few have the rhombohedral structure typified by arsenic, and a few 
others have the hexagonal structure typified by selenium. Some 65 
compounds have been analyzed and found to have a structure like NaCl, 
for example, KBr, KCN, MnSe, NiO, etc. ; some 20 have a structure like 
CaF 2 , for example, Ce02, Li*20, MgaSn, SrCla, etc. 

QUESTIONS AND PROBLEMS 

1. What advantages has the powder method over other methods of crystal 
analysis? Powder patterns reveal information about wlmt throe important physical 
characteristics of a crystalline solid, in addition to its crystal slTuoturo? 

2. Describe four different types of powder canu‘ra using ordinary <louble-pinhole 
or double-slit collimators. What types of filters are employ<ul in tluun, an<l \vh(‘re 
are they mounted? 

3. Describe the Seemann-Bohlin eanuM’a, and explain th<^ j)rin(nple upon which 
it operates. What is a Solhu slit? 

4. Distinguish bctweciU a i.ransrnissiou pattern and a. bn.(d«-r<dl<'etion pattern. 
Why do the diffracted rays from a powder sample generah^ a. s<Ti(\s of coaxial cones? 
Are such cones of rays found in the Tjauo or rof alion methods? 

6. Outline the procedure for pr(>pa.ring a sa.mple for <o-ystaI or (du-nueal analysis 
by the powder method. How <loos the procedure differ when th(^ ol)j«‘ct is to study 
the grain size, orientation, or distortion? 

6. Using molybdenum Ka radiation (X = 0.71 A.) a powder pattern is ol>tai!ied 

with a simple flat-film camera, as in Fig. 18-1 or 18-8. 'Tln^ sanii)l(*-to-lilm di.sfanee 
is in. The four most prominent rings in the resulting patf <Tn have diameters of 
1.69, 2.00, 3.00, and 3.68 in., r(^8pe<d-ively. What a,r<^ th<' eorn'sponding d spaeings 
in the sample? .17/..^. 2.18, 1.88, 1.33, and 1.13(>.\. 

7. With cobalt Ka radiation (X = 1.78r> .•\.), a l)aek-rell('<dion pa t l(‘rn is obtained 

from a steel sample with a cainora of th<^ r(^j)r(‘H(Mit('!(l in Figs. 18-3 and 18-4. 

The sample-to-film di.stan<ie is 2^ in. Tlui mosf, proiniix'iit. ring in flie j)att<^rn has a 
diameter of 1.65 in. What is (he (H)rr(\sponding d spacing in th(^ sample? 

.1 HH. 0.004 A. 

8- Since alpha iron is bo<ly-cenlered cubic: and has a latti(‘<M“(mstant n =* 2.861 A., 
what are the indices of th(i reHe(d.ion in tlie puMaaling prohhun? .1 n.v, (310). 

9. The next lower reflection (220), if it appearcMl a1. all in (h<^ pu(f<irn in fhc 
preceding problem, would liave whait rii'*' diameter? .1 /j.s. 7* in. 
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10. The next higher reflection (222) does not appear. Why not? Is iron pleo- 
morphic? What is the commonest crystal structure among the chemical elements? 

11. The mass absorption coefficient of copper for molybdenum Ka radiation 
(0.71 A.) is 51. For copper Ka radiation (1.54 A.), it is also 51. Account for the 
fact that the harder radiation is absorbed by copper just as strongly as the softer. 
If the density of copper is 8.94 g./cm.'*, what is the optimum thickness for a sheet- 
copper sample in taking a transmission pattern with a copper or molybdenum target? 

Ans. About 0.0007 in. 

12. A chemical element with a cubic structure gives the following d values in 
angstrom units, as read from its powder pattern: 2.35; 2.03; 1.439; 1.227; 1.173; 
1.019; 0.935; 0.910. By marking a slide rule with a pencil and referring to Fig. 18-7, 
determine whether it is simple cubic, body-centered, face-centered, or diamond-type 
cubic. What is its lattice constant a? 

13. If the density of this element is 19.32 g, /cm. compute its atomic weight from 

the data of Prob. 12. Ans. 197. 

14. If the 2.72, 2.46, 2.29, 1.68, 1.62, etc., values for d given in Sec. 7 correspond 
to the (111), (002), (200), (202), (220), etc., reflections as indicated in Fig. 18-17, 
compute the lattice constants a and c for indium. 

Aws. a = 4.58 A.; c = 4.95 A. 

What is its unit-cell con figuration? Ans. 000; iJO; ^0^; OJi- 

16. If the atomic-structure factor for indium is 44.9 when sin d/\ » 0.1, 38.6 
when sin 6/1 = 0.2, and 32.8 when sin 0/X = 0.3, X being in angstrom units, compute 
the relative intensities of the first five lines in the powder pattern with molybdenum 
radiation. 

Ans. 


Reflection 

sin 6 

X 

.An 

F 

1 

U 


(111) 

0.184 

39.6 ' 

158.4 

1 

7.35 

740,000 

(002) 

o. 2 o:i 

38.6 

154.4 

1 

6.55 

156,000 

(200) 

0.218 

37.6 

150.4 

2 

6.1 

278,000 

(202) 

0.298 

32.8 

131.2 

4 

4.37 

302,000 

(220) 

0.309 

32 . 8 

131.2 

2 

4.1 

142,000 



CHAPTER 19 

CHEMICAL ANALYSIS BY X-RAY DIFFRACTION 


1. Latroductioii. The phenomenon of x-ray diffraction by crystals 
may be applied to the chemical analysis of materials in two general ways. 
The first employs an x-ray spectrograph in a manner analogous to that in 
whicK optical spectrographs are used for the same purpose. This 
might be called chemical analysis by x-ray spectroscopy.” The 
second consists in simply mounting the unknown as a transmission 
sample in a powder camera like those described in the preceding chapter 
and obtaining its powder pattern, with the use of known radiation, such as 
molybdenum K«. The largest dozen or so d values calculated from 
the pattern are then compared with a table of known d values for various 
known compounds; and if the unknown happens to contain a fair per- 
centage of one or more of the compounds listed in the table, at least a 
semiquantitative analysis is possible. This might be called the “Hana- 
walt method,” because Hanawalt and his co workers prepared the first 
extensive tables of d values to be published, thus making the method 
practical. 

As in optical spectrographic analysis, the chief field of application of 
x-ray spectrographic analysis is the determination of the amount of 
various elements (not compounds) that may be present in small per- 
centages in the (metallic) sample. 

Chemical analysis by the Hanawalt method has rapidly gained 
widespread use since the publication of the first Hanawalt tables in 
1938. Its field of application does not coincide with that of other 
common methods of chemical analysis but ratlier supi>lements and 
overlaps them. It is useful for the determination of the amount of 
various compounds (or elements, if present in uncombined form) thjit 
may be present in fairly large percentages in the sample. For example, 
one may determine that a certain powder is a 70-30 mixture of C'aS() 4 - 
2 H 2 O and NaaSiOg. A very srpall sample — a few' milligrams — will 
suffice. Since the method is nondestructive, the sample is preserved 
intact after it has been analyzed. The method is pract.ica.1 for any 
substance which exists or can be made to exist (for example, by fr(*ezing 
with liquid air) as a crystalline solid and for whi(ih f.he i)ow<ler pattern 
is already known. The method is of doubtful value when the sample 
is a mixture of more than three or four major constitmnits. That is, it 
would be difficult to analyze a mixture that contains 10 different conv- 

420 



Sec. 2] 


CHEMICAL ANALYSIS BY X-RAY DIFFRACTION 


421 


pounds, each comprising 10 per cent of the sample, especially if several of 
them are not listed in the tables. 

2. Chemical Analysis by X-ray Spectroscopy. X-ray spectroscopy 
is the technical application of the x-ray spectrometer, or spectrograph, to 
the analysis of any beam of x-rays, so as to determine its intensity 
distribution curve as a function of the wave length. After Moseley’s 
death, Siegbahn became the foremost x-ray spectroscopist. These two 
workers turned their attention chiefly to the accurate tabulation of 
characteristic x-ray spectra, absorption edges, and excitation potentials 
and to the theory of their origin as outlined in Chaps. 4 and 6. Siegbahn 
has published a book^ describing the apparatus and technique and 
tabulating all the more prominent characteristic x-ray spectra in x-units, 
which he invented. In recent years, the most notable change in x-ray 
spectroscopy has been the advent of the bent-crystal spectrograph. 
By bending a crystal, it is possible to obtain a focusing action upon the 
diffracted rays, as already mentioned in connection with the Seemann- 
Bohlin camera. 2 This permits one to build a spectrograph that has 
considerably more speed than the ordinary double-crystal spectrograph, 
but usually with some sacrifice of resolving power.® 

Chemical analysis by x-ray spectroscopy has never become popular 
because the technique is more difficult than that of optical spectrographic 
analysis. X-ray spectroscopy as a method of chemical analysis was 
brought to the attention of chemists by Coster and Hevesy* in 1922, 
when they discovered hafnium in zirconium ores by this method. For 
quantitative analysis, the method is beset with some difficulties, such as 
fluctuation of line intensities due to the absorption edges of the internal 
standards or other materials present in the sample, selective volatiliza- 
tion of the various constituents present, etc. However, optical spectro- 
graphic analysis presents similar difficulties. In either the optical or the 
x-ray method, such difficulties can be overcome by suitable modification 
of the procedure. 

Following the discovery of hafnium, various investigators became 
interested in x-ray spectroscopy as a method of c.homi(;al analysis, and 
articles on the subject were published by Chester, Gunther and Stranski, 
Stintzing, Tievesy, and Glocker.^ 

^ M. SieRbahn, “ Spec.troscopy of .\-rays,” translated by (,l. A.. Lindsay, Oxford 
University Press, New York, 1925. 

® Footnote 1, p. 398. 

2 See, for example, H. Karlssori and M. Siegbahn, Z. Physik, 88, 76 (1934); S. T. 
Stephenson, Rev. Sri. Instruments, 10, 45 (1939); H. Jupnik, Rev. Set. Instruments, 
10, 32 (1939); E. Inglestam, Rev. Sri. Instruments, 11, 160 (1940); li. B. Watson, Rev. 
Sci. Instruments 8, 480 (1937). 

^ D. Ooster and G. v. Hcvesy, Nature, 111, 79 (1923) ; Cheni. News, 127, 65 (1923). 

® D. Coster, Z. Elektror.hem, 29, 344 (1923); P. CJiinther and I. N. Stranski, Z. 
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Laby, Eddy, and Turner^ applied this method to the analysis of 
commercial samples of zinc, iron, tin, and alloys of tin-cadmium, lead- 
bismuth, tin-zinc, and zinc-copper-tin. Special x-ray tubes were used, 
and special precautions were necessary to avoid the generation of x-rays 
from stray cathode-ray bombardment of metal other than that being 
analyzed. 



Fra. 19-1. — Professor Laby’s x-ray spoctroKraph. {('ourtcay of Adam Hilyt r, Ltd., London, 

Eiialami, manufactrirern of the. instrument .) 


Figure 19-1 shows the x-ray spectrograph Ihal- was (hssigned for this 
work by Laby. In oi-der to reduce fogging of tlie film by scattered and 
secondary radiation, the film is proteiited by a ciirv(ul Icjad scnnm geared 
to swing in front of it with twice tlu^ angular v'l^loc.ity of tlic^ central 
crystal. An opening in this lead screen permits the rays "reflected” 
from the crystal face to reach the film. A is the collimating slit assembly, 

physik Cheni., 118, 257 (1925); H. Stintijiap;, Phyttik Z., 27, S44 (I92()); ( !. v. IIiivoHy, 
“Chemical Analysis by X-rays and Its Applir^ations,” M<d Srnw-Hill Hook ( ■oinpany, 
Inc., New York, 1932; R. (Jlockor, “ MaU^rialpriil’ung mil RonlgrMrst.rahion,” pp, 
113-132, 2d ed., Vcrlag Jnlius Springer, Berlin, 193(). 

^ T. H. Laby, C. E. Eddy, an<l A. H. 'fiirner, Proc. Roy. Sor. (Londtrn) .4, 124, 
249 (1929), 127, 20 (1930), 136, 637 (1932); Trarut. Faraday Sac., 26, 497 (1930). 
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Fio. 19-2. — Copper Ka lines in the spec- 


C the crystal turntable, F the cylindrical film holder, and >S the swiveling 
lead shield. Figure 19-2 shows the copper K« lines at the left, as photo- 
graphed in the x-ray spectrum from a zinc sample containing only 
0.0007 per cent copper. 

Below atomic number 22, the K lines become so soft (2^ A.) that they 
are almost completely absorbed by a few inches of air, making it neces- 
sary to work with a vacuum spectrograph.^ Above atomic number 75, 
the K excitation potential exceeds the 80 kv.p. for which the tube of 
Laby, Eddy, and Turner was designed, and the K wave lengths become 
too short for accurate measurement; however, the L lines might be used 
to analyze for elements up through uranium. A technique that requires 
the machining of a new target 

from the sample metal or alloy is 1 I ;, 

too elaborate to be very practical ^ V 

except for special cases. Other 

variations in the technique are to > 

(1) expose the sample to the high- Fio. 19-2. — Copper Ka lines in the spec- 

ij. trum of a zinc alloy containing only 0.0007 

VOltrclgG Cdthode Itiys fl ll <ji copper. (Lahy^ EddUy and Tvrrieri 

Lenard ray tube (Sec. 7-5) to courtesy of the Royal Society.) 
excite its characteristic x-ray 

spectrum; (2) place the unknown inside tlu^ fube, not on, but near, the 
target, so as to make it emit secondary x-rays l)y fluorescence from the 
primary rays; (3) excite secondary x-rays from the unknown by placing 
it outside the tube (these are so feeble that the exposure time becomes 
impractically long); (4) use the unknown as an absorber and detect its 
absorption edges by x-ray spectrosciopy.- 

X-ray spe(;tros(u)j)y is the l)est method known for analyzing a sub- 
staiK^e for the pn^stmcio of undisc.ov'’ered elements, for Moseley^s law 
(page 47) predicts iicciwately the wave hmgth of the K and L lines of 
such elements, oven though nobody ever had a samifle for experimenta- 
tion. The sim])licity <if x-ra.y speedra as (;ontrasto<l with the complex 
optical spectrum of elements su<4i as iron is also an important advantage, 
hllements that hav(‘ already l)een discovered by nuains of x-ray spectro- 
scopy include illinium (01 j, hafnium (72), Jiiasurium (43), and rhenium 
(75).’ 

3. The Hanawalt Method. Up to the yesar 1938, the great wealth 
of data that had Ikhui amassed by (vrystal aiuilysts was listed in the 
tables in the form of lattice (M)nstants or unil-tudl cionfigurations. This 
was very well indeed, unless oncj ha])]>ened to be int.(u*osted in identifying 

' Sdo, for (“xamplft, CJ. M. Otson sukI W. (t I’icinMi, Rev. Sri. I tiutru7tu’nts, 8, 147 
(1937). 

* For n variation of this method, s<H! li. A. Liehliafsky and F. H. Winslow, Gen. 
Elec. Rev., 48, .Sfi (April, 194r)). 
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some unknown material from which he had obtained an x-ray diffract 
pattern. In this case, if he suspected that the unknown might be Cr; 
for example, he would naturally want to compare the d values and 
intensities of the various reflections in the pattern of the unknown v 
those in the pattern of CrgOs. But these data were not in the tab 
although obviously they were the foundation upon which all the ot 
superstructure of statistics had been laboriously erected. 

This ironic situation was remedied in 1938 when Hanawalt, Ri 
and Frevel published^ the table that was so badly needed, listing tt 
values and their intensities for all the more prominent reflections in 
powder patterns of 1,000 common chemical substances. In this ta 
when one looks up CraOs, for example, he finds that the d values and tl 
relative intensities (in parentheses) are given as follows : 3.62 (45 per cei 
2.67 (70 per cent); 2.47 (70 per cent) ; 2.17 (30 per cent) ; 2.03 (4 per cei 
1.81 (45 per cent); 1.67 (100 per cent); 1.58 (6 per cent); 1.465 (30 
cent); 1.432 (45 per cent); 1.294 (16 per cent); 1.236 (6 per cent); 1. 
(6 per cent); 1.172 (5 per cent), etc. The intensity of the strong 
reflection in the pattern (1.67) is also given an absolute value of 50 
comparison with the intensities of the stronger reflections for the ot 
substances, for example, 150 for the strongest reflection in the N 
pattern at 2.81 A. As with most tables, this one is based on 

d(ioo)rock salt = 2.814 A., 

rather than 2.820 A. If it turns out that the powder pattern of 
unknown yields these same spacings with corresponding intensities, 
analysis is quickly completed — the unknown is mostly or entii 
Cr 203 . For simple identification work of this sort, any type of tni 
mission powder pattern will serve. For example, the flat-<uiss( 
powder pattern in Fig. 19-3 is readily identified as f,he pal, tern of A1 
by computing the d values roughly and comparing them with thos<‘ lis 
for AI2O3 in the table. 

Four questions immediately arise, however. (1) ilow does ( 
proceed when he has no suspicion that the unknown might be Cr-^d 
that is, suppose there is no information at all to guide one, (‘xeept 
pattern? (2) Among the thousands of chemical c<)mi)()un<ls, is it 
possible that the x-ray patterns of some might be almost ident; 
with the pattern of some other substance? (3) What is fiu^ i)roced 
when the unknown is a mixture of two or three substanc(‘s? (1) Is 
method quantitative or only qualitative? These points will be (M>nside 
in order. 

Regarding the first point, it is obvious that a person having a patt 

^ J. D. Hanawalt, H. W. Rinn, and L. K. Frevel, Ind. and Eng. Chrm., Anal. . 
10, 457 (1938); see also 16, 209 (1944); see also Appendix X. 
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of an unknown, with no other evidence giving a clue to its identity, would 
desire a table listing the substances which have specified d values rather 
than the d values for a specified substance. His problem is similar to 
that of determining the identity of the party having telephone number 
Chestnut 43587 from a metropolitan telephone directory. If it is likely 
that analyses by x-ray diffraction are to be undertaken frequently, the 
advisable procedure is to prepare an index book of the type suggested in 
the Hanawalt-Rinn-Frevel article. This enables one to find quickly the 



Fig. 19-3. — Flat cassette powder pattern of AI 2 O 3 . 


compound having a po\v<lor pattern in \vhi(^}l the throe most intense 
reflections, in order of decreasing intensity, ar(^ d\, d>, and d^. For 
example, if the strongest line corresponds to di — 2.08 A., the second 
strongest to d 2 — 2.45 A., and the third strongest to da = 1.06 A., one 
merely turns to the section of the book designated as major group 
2.70-2.05 because di falls in this range. Next, in this section of the 
book, one looks under subgroup 2.50-2.45 because da falls in this range. 
There, one immediately finds the compound Ag 3 P 04 listed, with its 
third strongest line listed as ds = l.OO A,, thus checking the ds value 
given above. The tables were not published in this form, for this type 
of table occupies several hundred pages in contrast to the 40 pages 
required for the table as published. The reversed form of the table 
is so much bulkier because of the numerous unoccupied subgroups. For 
example, no compounds arc listed for which di lies between 3.30 and 3.40 
A. and da lies between 2.80 and 2.85 A.; yet space must be provided 
in the table for such a compound, in case one should exist. Since the 
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labor involved in preparing an index book is considerable, it may be 
deemed preferable to purchase its equivalent in card-index form, as 
offered for sale by the A.S.T.M., Philadelphia, Pa. The A.S.T.M. index 
is also brought up to date from time to time and now contains over 2,000 
compounds. 

Figure 19-4 shows an index book opened for inspection. The major 
group is listed at the top of the pages as “group 3.40-3.30.” There 
are 77 of the major groups, as suggested by Hanawalt-Rinn-Frevel, 



Fig. 19-4. — Index book for chemical analysis by the Hanawalt method. 


each occupying five pages in the book shown in the figure. Each major 
group is in turn divided into 77 subgroups, 40 of which ai’e seen in the 
figure, the other 37 being on other pages. Of the 40 shown, 23 are seen to 
be unoccupied; 8 list 1 compound, 7 list 2 compounds, 1 lists 3, and 1 lists 
4. Of the 772 = 5,929 subgroups in the book, only 27 contain more 
than 3 compounds out of the 1,000 listed in the original publication. One 
of these is seen to be the 3.90-3.80 A. subgroup in tlu^ figure, which 
lists CiH 4(OH)COONH4, C2HBNPI3CI, MgCl2-NH4C4-(jIl20, and telluric 
nitrate. These are readily distinguished by the fa(;t that th differs 
widely among them, being 10.9, 3.00, 2.73, and 7.3 A., respectively, for 
the 4 compounds. This is typical. The (h values are listed in the column 
immediately following the name of the compound in the table. For a 
few compounds, di, d^, and dz are nearly the same. One of these rare 
cases is seen in the figure in the 2.(55— 2.00 A. subgroup, which lists SnOa 
and ZnFa. For SnOa, di = 3.34, dz = 2.(54, and dz = 1.75; for ZnFa, 
di = 3.33, dz ~ 2.60, and dz = 1.75 A. In cases like this, the fourth 
most intense line has its spacing listed after the entry of the compound 
in the book. For SnOa, d^ = 2.36 A., whereas, for ZnFa, d^ = 1.405 A. 




Sec. 3] CHEMICAL ANALYSIS BY X-RAY DIFFRACTION 427 

Thus references to the fourth line should dispel any doubt in such cases. 
These facts answer the second question proposed on page 424. 

At the end of each major group in the index book, there is listed 
a ''supplementary group index” for that group. One of these is illus- 
trated for the major group 2.95-2.90 in the lower part of Fig. 19-5. It is 
helpful in cases where there may be some doubt as to the relative intensi- 
ties of the three strongest lines, so that one may be uncertain which is 
da and which is dz, for example. This occurs chiefly in the analysis of 
mixtures. When the intensities of two lines for a given compound have 
equal intensities, the established rule is to give preference to the larger 
d value. For example, the three strongest lines for Sn02 correspond 
to = 0.34 A. (100 per cent), d — 2.64 A. (63 per cent), and d — 1.75 A. 
(63 per cent). In this case, dz — 2.64 and dz = 1.75 simply because 2.64 
is greater than 1.75, the relative intensities being equal (both 63 per 
cent) . 

Regarding the third point, the procedure with mixtures is explained 
in detail by Hanawalt, Rinn, and Frevel. They give the following 
example. Suppose the pattern of the unknown mixture yields the d 
values and corresponding relative intensities listed in Table 19-1. Turn- 
ing to group 2.95—2.90 (shown in condensed form in the upper part of 

Table 19-1* 


Unknown 


d 

U 

<i 

/» 

4 . 6,'> 

12 

1 .82 

8 

3.79 

25 

1 .75 

60 

3.28 

60 

1.71 

4 

2.93 

100 

1 .63 

2 

2 . 67 

40 

1 . 58 

20 

2 . r)2 

100 

1 . 54 

3 

2 . 32 

100 

1 . 50 

30 

2.18 

30 

1 . 465 

3 

2.07 

4 

1 . 430 

12 

1 . 97 

12 

1 . 406 

20 

1 . 8(> 

20 

1.372 

20 


* CUiurUsH.v of J- D. HaniiwuU aiul tho Anionctau Cheinicul Socut^ly. 


Fig. 19-5), one notes no compound in subgroup 2.55—2.50 that has a 
third line agreeing with any of those in the unknown. The same is 
true for subgroup 2.35-2.30. However, in subgroup 3.30—3.20, NaClOs 
has a third line at 1.76, as compared with the 1.75 line listed for the 
unknown. This indicates that one of the components of the mixture 



428 


X-RAYS IN PRACTICE 


[Chap. 19 


Group 2.95-2,90. 



6.50-6.26 
Na2S2Q8-5H20 
5. ^-6. 00 

6.00-4.90 

4.90-4.80 

4.80-4.70 

4.70-4.60 

4.60-4.60 


2.84 2.76 


3.10-3.00 


3,00-2.96 


2,95-2.90 


2.90-2.85 


2.86-2.80 


2.20-2.16 

2.16-2.10 

2710-2705^"" 

2. 06-2 . W """ 
27oFri)5 " 
05-1.90 


1.30-1.25 


40 3.44 I 1.25-r:‘2b 


1.20-1. 16 


i:i6~iT'io 


1.10-1.06 


1.06-1.00 


1.00-.90 


4,50-4.40 


.90-. 80 


Ja 3.45 12.18 


Supplementary Group Index 2.95-2,90. 


* Compouad 

1st 

lino 

2nd 

lino 

3r(l 

line 

Compound 

2nd 

line 

1st 

line 

3rd 

line 

Compound 

3rd 

line 

1st 

line 

2ncl 

lino 

P*Ss 

2.90 

0.7 

4.90 

Mg8(P04)2*8H!0 

2.04 

0.7 

2.69 

C«H4(C0)2NK 

2.00 

14.5 

6.4 

HgS04-2Hjg0 

2.92 

6.2 

5.6 

MnCb'HaO 

2.03 

6.7 

2.65 

BiiCilhihh 

AKC’allaOa 

2 . 90 

13.6 

3.35 

Na2S208'6H20 

2.93 

6.4 

2,84 

BaCl2-2H20 

2.01 

4.48 

2.2')4 

2.91 

10.0 

3.04 

(CcH4.C02)2B0Na 

2.04 

4.40 

3.46 

Mg(N03)2*6H20 

MgS04*6H20 

KH 2 PO 4 

2.03 

4.42 

3 . 29 

Uii{(^N)2 

2.04 

9.4 

3.37 

NaI08 

2.93 

4,25 

3.19 

2.02 

4.40 

4.04 

4SnC;n4-6HyO 

2.04 

0.2 

5.3 

Pb8(P04)2 

2,91 

4.03 

3.01 

2.00 

3.72 

1 . 95 

'lif’OHaO 

2 94 

5.0 

4.K5 

CdCO» 

2.94 

3.77 

1.83 

«-ZnS 

2.91 

3.20 

1 . 70 

(’iiOH-C^iP04 

2.01 

4.81 

2.113 

Ba(C104)2*3H20 

CiflHH02Na(S08Kj2 

2.90 

3.U5 

2,14 

PbO 

2 03 

3.fl(( 

2.72 

MKNH 4 PO 4 OH 2 O 

2 . 03 

4.28 

2. HO 

2.00 

3.35 

3.00 

CaC2lII 

2.02 

2.86 

2 . ().'> 

HKCnj-SHgO 

2.92 

3.96 

2.70 

NaClOa 

2.04 

3.28 

1.76 

HgiPO* 

2.94 

2.00 

3.00 

PbHAH04 

2.93 

3.39 

3.17 

^C*II 

2.01 

2.79 

2.01 





K 2 S 2 O 7 

2 . 90 

3.23 

3.07 

2.03 

2,79 

1,95 





AK2(VC)4 

2.92 

3.14 

3.02 

Na2Cr04 

2.01 

2.73 

4.09 





KaSeOa 

2.94 

3.08 

4.35 

NaHCOs 

2.04 

2.68 

3.49 





(NH4)!1C204 H20 

2 . 90 

3.00 

6.2 

Th 

2.92 

2.53 

1.79 





LkCXh 

2.91 

2.80 

4.16 

K 2 C 2 O 4 

2.92 

2.46 

2.32 





Na2Si(>3-9H20 

2.92 

2.79 

3.83 

Na2B407-6H20 

2.94 

2. 19 

4.40 





NaNs 

2.91 

1.82 

2.42 










Fia. 19-5, — (Davey) Sample page from imaginary claaaifiealion book. 
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may be NaClOa. To confirm this, one consults the Hanawalt-Rinn- 
Frevel tables as published and finds listed for NaClOs the spacings 
given in Table 19-2. The correspondence leaves no doubt that one 
component of the mixture is NaClOa. 


Table 19-2* 


NaClO;, 


d 

/ 

d 

/ 

d 

/ 

d 

1 

4.65 

20 

2.32 

1 

1.83 

7 

1.51 

11 

3.79 

33 

2.18 

33 

1.76 

67 

1.47 

3 

3.28 

67 

2.07 

7 

1.64 

1 

1.434 

13 

2.94 

100 

1.98 

13 

1.59 

11 

1.404 

1 

2.68 

40 

1.89 

1 

1.55 

3 

1.341 

1 


* Courtesy of J. D. Hanawalt and the American Chemical Society. 


The strongest line in the unknown not accounted for is at 2.62 A., 
and the 2.32 line is very strong in the unknown but very weak for NaClOs. 
Hence one turns to major group 2.55-2.50, subgroup 2.35-2.30, and 
finds CuO listed with a third line at 1.86. This indicates that one of the 


Tabj.e 19-3* 


OiiO 


d 

/ 

d 

/ 

2.. 51 

100 

1..50 

15 

2.31 

100 

1 .408 

20 

1.85 

20 

1 .370 

20 

1.70 

8 

1 . 298 

5 

1 .57 

8 

1 . 258 

10 


* CourtCBy of J. D. Hanawalt and the American (’heiiiical Wcx'iety. 


components of tlie mixture may be CuO. To confirm this, one c.onsults 
the original tables and finds listed for CUiO the spacings given in Table 
19-3. These two compounds together acHiount for all the spa<ungs listed 
in Table 19-1, and so the mixture is found to c.onsist primarily of NaClOs 
and CuO. When some of the more int<mse lin(\s are superposed (same 
d values), the procedure is slightly more (iomplex and is described by 
Hanawalt, Rinn, and Frevel. 

Regarding the fourth question on page’s 424, the method is probably 
best described as semiquantitative. In mixtures, one must consider 
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the possibility of dijSierences in the absolute intensity of the lines in various 
patterns, due to (1) different exposure times, tube voltages, or currents; 
(2) different sample thickness or dilution; and (3) different structure 
factor. To help allow for (3), Hanawalt, Rinn, and Frevel have listed 
the absolute intensities, as well as the relative intensities of the three 
strongest lines in their patterns. For example, the absolute intensities 
of the three strongest reflections for nickelous tartrate are given as 8, 4, 
and 3, whereas those for NiO are given as 125, 75, and 75. Therefore, 
in a mixture of these two compounds, if the strongest line of nickelous 
tartrate were just about as intense as the strongest line of NiO, one 
would conclude that the mixture was roughly 15 parts nickelous tartrate, 
say, to 1 part NiO. 

Returning to. the NaClOs-CuO example, however, the strongest 
lines of these two compounds are rated 75-50-50 and 62.5-G2.5-12.5, 
respectively, for absolute intensity. In the pattern of the unknown 
(Table 19-1), the strongest NaClOs line (2.94 A.) and the strongest 
CuO line (2.51 A.) were both rated 100 per cent for relative intensity. 
From this, one may safely conclude that the mixture is roughly in 
50-50 proportions. At any rate, it is not 90 per cent NaClOs and 
10 per cent CuO, or vice versa. One can make fairly accurate quantita- 
tive analyses by preparing a series of known samples (such as 05 per cent 
NaClOs + 35 per cent CuO, 60 per cent NaClOs -f- 40 per cent CuO, etc.) 
and comparing their patterns with that of the unknown. When a 
perfect match is obtained, then the compositions of the known and 
unknown are nearly the same. 

Hanawalt has pointed out that the chief limitation of the method 
is that, among the common inorganic substances, some have weak 
patterns like that from a liquid; it is commonly said that they are “amor- 
phous.'^ As a general rule, most compounds must be present in suffi- 
cient abundance to constitute about 5 per cent of the sample by weight 
before they reveal their presence in the pattern. In a few cases, 1 or 
2 per cent can be detected, as with a highly crystalline material mixed 
with ninety-nine times its weight of some material with a weak pattern. 
On the other hand, amorphous materials like flour may not reveal them- 
selves even at 50 per cent. On the positive side, the presence of the 
pattern of AgCl, for example, proves that it is present, although there 
may also be a little or much amorphous material mixed with it or in solid 
solution in it (see Sec. 5). On the negative side, however, if the strong<\s1, 
line of a certain compound is absent, one can only say that the compound 
probably constitutes less than 10 per cent of the sample (altlujugh it 
may be absent entirely, of course) if he knows from previous experience 
that that compound has a strong, clear pattern in low concentrations. 
If a definite lower limit is important to establish, then again the best 
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plan is to prepare a series of known samples and see at what concentra- 
tion the strongest line of the compound in question finally vanishes. 

This method is most valuable as an accessory method in the usual 
chemical laboratory or when used in coordination with optical spectro- 
graphic analysis and microscopic examination. It is simple, rapid, and 
inexpensive. 

4. A.S.T.M. Recommended Practice for the Hanawalt Method. The 

tentative draft of the A.S.T.M.^ ‘^Recommended Practice” for the 
Hanawalt method raises the following points: The method may miss 
amorphous phases and solid solutions. The sample should be ground 
in an agate mortar to pass 200-mesh silk bolting cloth. If it is not 
brittle enough to grind, one may use filings. Load sample in glass 
(for example, Pyrex) tube 0.4 to 0.6 mm. inside diameter with walls less 
than 0.1 mm. thick. For long-wave-length radiation, mix with 10 per 
cent powdered gum tragacanth or collodion, and extrude in 0.6-mm. 
cylinder or mount on hair with Zapon lacquer. Exercise care with flakes 
and long fragments (metal filings, graphite, clays, mica, etc.) because of 
the possibility of preferential orientation causing false relative intensities 
(see next chapter); rotate the sample in such cases. For ionization 
chamber or Geiger-Mueller counter, use a flat sheet specimen and Seller 
slits (page 398). For high-atomic-weight material, dilute with flour, 
cornstarch, or gum tragacanth. For molybdenum radiation, operate at 
about 42 kv.p., and use ZrOa filter. 

Have slits wide enough to let primary rays l>athe the complete 
specimen. Use guarded second slit. Place filter between specimen and 
film, not touching film. Use cylindrical film, its axis being the axis of 
the specimen and the film radius being between 5 and 20 cm. Use small 
film radius for soft radiation such as copper. If film radius is 5.73 cm., 
then 1 mm. on film equals 1° for the angle 26 (Fig. 18-9). Use nonscreen 
x-ray film without screens, llevelop by time-and-temperature technique 
— not by removing film from developer when it “looks good” under the 
safelight. If intensifying screen is used, place it behind film in close 
contact. Clean Fluorazure screens are best. Instead of measuring 
from the central beam spot to the various linos or arc%s on the film, it 
is better to obtain linos on both sides of the centi'al beam, measure 
between corresponding lines, and divide by 4 to obtain 6 . Film expansion 

^ A.S.T.M. Standards, 15)42, part 1, p. 1537. 

* In this connection, Ilntiawalt, Rina, and Frevol obtained the patterns for their 
tables using molybdenum radiat ion and cameras with an 8-in. radius. They state 
that “molybdenum radiation and a large caIn(^^a radius makes possible the rapid 
measurement of the position of the linos on a scale, whereas u.se of a small precision 
camera and a comparator is not ordy tedious but also makes the measurement of 
weak lines very difficult.” 
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troubles are lessened by recording a standard pattern such as that 
of NaCl on the same film. When there is extreme variation in line inten- 
sity, make a short exposure for the strong lines and a long one for faint 
lines. 

For semiquantitative work, match lines against a calibrated film 
strip (see next section). Direct comparison with pattern of prepared 
known is necessary if one desires to approximate quantitative analysis. 

For speeding up analyses, Seemann-Bohlin cameras may be used, or 
sheet specimens with Seller slits; also Geiger-Mueller counters, or ioniza- 
tion chambers equipped with Ross filters (see next section) . Single slits 
should be no more than ^ mm. in width, and each slit of a Seller system 
should be not over ^ mm. in width. 

5. Additional Information Regarding the Hanawalt Method. Hana- 
walt, Rinn, and Frevel recommend that the intensities of the lines in the 
pattern be measured by comparing them with a calibrated intensity 
scale. Such a scale can be prepared readily, by using a strip of the same 
x-ray film used in the diffraction cameras. A small section near one 
end of the strip is exposed to the same filtered radiation used by the 
camera for a time t just long enough to give noticeable darkening after 
development. Then the adjacent section can be exposed to tlie same 
radiation for 2t, the next section for St, the next for 4/, etc.,^ until at the 
opposite end of the film strip it will be practically opticpie after develop- 
ment. According to Charlesby’s curves (Fig. 9-5), this should yield 
nearly equal steps of increasing film density. Whet.hei* this is true 
or not, however, one may classify the lines of a difl'ract.ion i)attern for 
intensity by comparing them with such a scale and deciding whether a 
given line has a density closer to step 8 or step 9, for example. This 
method of measuring intensities is simple, fast, and siifrKuently accurate. 
Independent observers are found to obtain almost, identic^al readings from 
such a scale. 

When the highest possible accuracy of film-density nu^asurement is 
desired, the use of a microphotometer is to be recuunnu'nded.- Such 
instruments range from simple densitometers to the mort^ <mmi)lex record- 
ing microphotometers. They all measure the i)er<^eiit,age of a narrow 
beam of light of constant intensity that is tranismitt.(‘d by any given 
small area of the test film. The reciprocal of this is t.h<^ o{)a<^ity, and 
the common logarithm of the opacity is th(‘ densit.y, whic^h is ncjarly 
proportional to exposure, for x-rays. The literatures d(‘scnbing ini{U’<)- 

^ A calibrated rotating sector disk for this purpose is d<^s(^rib<^<I by J. M, It<)b<;rtson, 
J. Sci. Instruments, 20, 175 (1943), Fig. 5. 

* For details of its application to chemical analysis by x-ray diffraction, h(^c S. T. 
Gross and D. E. Martin, Ind. and Eng. Chem., Anal. Kd.^ 16, 95 (1044); also .1. C. M, 
Brentano, J. Optical Soc. Am., 36, 382 (1945). 
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photometers and densitometers for x-ray diffraction work is extensive.^ 
A recording microphotometer record obtained by Ballard, Oshry, and 
Schrenk is shown in Fig. 19-6. 

When accuracy of intensity measurement is of paramount interest, 
it is often best to avoid photographic methods and use an ionization 
chamber or Geiger-Mueller counter. In diffraction work, the accuracy 



Fig. ID-O. — Powder pattern of quartz (al)ove>, aiul the nuerophotonictor traeing of the 
pattern (below). (J, W. Ballard, //. /* Oshry, and //. H Bchrenk; courtesy of U,S. Bureau 
of Mines,) 


of these devices for recording intensities c.an be considerably enhanced by 
making use of a device known as the “Iloss filter"- or balanced filter." 
This is in reality two filters, usually moimtcMl in a turret so that either one 
or the other can be quickly inserted into the x-ray beam as it enters the 
ionization chamber or Geiger-Mueller counter. For molybdenum 
radiation, a common combination is zirconium and strontium, having 
their K absorption edges at 614 and 7(57 X.U., respectively. It is 
important to adjust the thicknesscNs of th(^ two filters so that, above 
7(57 and below 014 X.U., both absorb nearly the same proportion of the 


1 See, for example, J. W. balhinl, H. I. Oahry and H. H. S(^hronk, U.S. Bur. 
Mincii, Bull. RI 3()38; J. M. Itobertson, Sri. hiMramcnla, 18, 126 (1941); A. H. 
Jay, Sci. IriHtrunirnlii, 18, 128 (1941); M. Spiesel-Adolf and It,. H. Peekham, Ind. 
ami Eng. Cheni., Arutl. Ed., 12, 182 (1940); M. 10. Ii<‘rkl<w and O. (!. Woodyard, Ind, 
and Eng. Cheni., Anal. Ed., 30, 4r)l (1938); IT. It.. lt,onnebeek, J. Sri. J nstruments, 20, 
154 (1943); J. Hrentuuo, A. llaxtor, and K. W. (k)tton, Phil. Mag., 17, 370 (1934); 
J. M. Brciiitano, Rev. Sri. Inairunient, 16, 309 (1945). 

“ P. A. It.<>SH, Phj/K. Rev., 28, 425 (192(5); J. Optical Sor. Am., and Rev. Scd. Instru- 
■rneritfi, 16, 433 (1928); for detaihid discussion, I*. l<irkpatri<!k, Rev. Sci. Instruments, 
10, 186 (1939), 16, 223 (1944). 
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x-ray beam. Between 614 and 767 X.U., however, the strontium filter 
absorbs nearly all the radiation, and the zirconium filter absorbs very 
little. Consequently, the difference in the two readings obtained from 
the chamber or counter with one and then the other filter is due almost 
entirely to x-rays in this limited range of wave lengths. This device 
therefore eliminates most of the spurious readings from secondary and 
incoherently scattered radiation. 



Fia. 19 - 7 . — Psiitom of mixturo coiitaiuin#' oiu* luinJ, (M)ivrs(‘-Kiiiin<‘(l con.st i( ucmiJ.. (Sjiniplo 

not rotiitod.) 

Sometimes a sample is encountercid in whicli onc^ of t he components 
is a hard, coarse-grained material like quartz or carhorundum. Such 
a material may be so hard that an hour or monv of vigorous grinding 
in an agate mortar will fail to reduce the grain size Ix^low about a thou- 
sandth of an inch. Figure 19-7 is a transmission pat t.tu'u obtained from a 
stationary powdered sample using a fiat (^assett.e. Although tlie sample 
was ground in an agate mortar and passed througli a 3()()-mesh s<n’een, it 
will be noticed that the pattern consists of numerous rings on whic^h are 
superposed numerous spots due to some eoars(‘-grain(Ml (u)nstituont. 
When the specimen is rotated, the rings remain l)ut the; si>ot.s tlisappear. 
One should be careful not to overlook si)ots of this sort, in the j)attern, 
for they sometimes reveal the presence of some constituent that may be 
quite significant. As will be seen in the next chapter, crystals that are 
as small as a thousandth of an inch in diameter and that readily pass 
through a 300-me.sh screen yield spotty patterns. If t heir conc(uitration 
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is small, their spotty pattern may wash out entirely when the sample 
is rotated. The pattern from a stationary sample like Fig. 19-7 will 
reveal them, although such a spotty pattern is of little help in identifying 
the material in question. Helpful sampling, mixing, and grinding 
techniques in the preparation of samples for quantitative analysis by the 
Hanawalt method have been described by Ballard, Oshry, and Schrenk.*^ 

Finally, the possibility of the sample containing amorphous materials 
or solid solutions must be considered. Because of their amorphous 
structure, flour, ground glass, or similar materials may be present in the 
sample in considerable abundance without being detected. An amor- 
phous solid is one that has little or no tendency to crystallize. Some- 
times, as in colloids, crystals are present, but they are so small (less 
than 100 A. in diameter, say) that their resolving power as a diffraction 
grating for x-rays is greatly impaired, and the resulting x-ray pattern is 
indistinct and poorly defined (page 321). This will be considered further 
in the next chapter. 

In the case of alloys, one often encounters samples in the form of a 
solid solution. For binary alloys (two metals, A and B), a solid solution 
is a structure in which the atoms of B are irregularly scattered through 
the lattice of the A crystals, or vice vei*sa. In fact, the elements involved 
need not necessarily be metals. Carbon forms a solid solution in gamma 
iron, for example. Sometimes the A atoms rc^tain their normal positions 
in the lattice, and the B atoms s<jiieeze hetwemi f.hc^rn irregulai’ly. This 
structure is an interstitial solid solution, for example, (carbon in gamma 
iron. More often, however, for small [xu’centages of B (usually less than 
30 per cent), the A atoms are disphu^ed from their normal positions in 
the crystal lattice and rephuxul irregularly l)y B atoms. This is a 
substitutional solid solution, for examples, cadmium in silver. In either 
type of solid solution, the x-ray pattern will be thc^ ])attern of A, slightly 
distorted; the pattern of B will not ap]K>ar iinless it is also mixed in the 
sample in pure (uysttilline form. 

When more B metal is added and the B atoms l)e(U)mo s\ifficiently 
plentiful in a substitutional solid solution, as in a 50— 50 ratio, the 
atoms usually begin to distribut.(i theinselv(>s regularly through the A 
lattice, like the chlorine atoms in the cesium lattice in C-sCl. Such 
intermetallic com])ounds ar<‘ not ionic;, like CsCfl, or molo<uilar, like 
organic compounds, th(^ electri<ral forceps bet.wecsn atoms being of a 
different (!hara(d.ei‘ lK>(;ause of the prescunre of t he freo <de( tron cloud, 
(iharacteristic of midals. A new x-ray patt.ern dilTei-(mt from that of 
either A or B will result, due to tlu^ pn^scuicc; of this type of “geometrical 
compound,” like CuZn. Such an int(u*met.a.lli(r compound forms crystals 

J .1. W. Ballard, H. T. Oahry, and H. H. Schnaik, ./. Opt. Soc. Am., 33 , 667 (1943). 
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that mix in with the solid-solution type of crystals already present, and 
its presence is revealed by the appearance of numerous new lines in the 
x-ray pattern, interspersed between the original lines due to the solid 
solution. An intermetallic compound has a lattice structure character- 
ized by a tendency for the B atoms to take up positions with a maximum 
distance between themselves. This type of intermetallic-compound 
lattice structure is called a “superlattice.” The structures and their 
patterns will be discussed more fully in Chap. 23. 

QUESTIONS AND PROBLEMS 

1 . Distinguish between chemical analysis by x-ray spectroscopy and (dxomica’l 
analysis by the Hanawalt method. If a certain mineral is suspected of containing 


1 

i 


] 

■i 
1 

Ki«. 19-S. 

a small amount of the uiuliscovorod element No. 87, how might on<^ verify or «lisi>rov<i 
this? Is it possible to detect the presence of a thousandl li of 1 per <-cm1 of jinliimmy 
in a copper bar by x-ray methods? If so, how? 

2. Since hundred.s of eleiiKuits and compounds hjid Is'cn sul>j(*e|«‘(l to crystal 
analysis by the powder method before lt)3H, wliy did tlui Ibumwalt met hod remain 
nonexistent until that time? Most of the older HKdlaxls of (diemical an.alysis woulil 
have difficulty distinguishing Ixdw'cum («) a 50-50 inixtun^ of (Mil(*ium bromid(* and 
potassium phosphate, and {h) a 50-50 mixture of cahaum i>hosphat<‘ and potns.siuni 
bromide. How could one distinguish b(d.\v(fcn (a) and (h), using x-rays? 

3. What is a bent-crystal speetrograpli? What is its chief a(lvnntag<^ over 
ordinary x-ray spectrographs? What is a lloss (ilba-? fixplaiu how itworks. What 
is a superlattice? 

4. Figure 19-3 was taken with a sample-to-fihn distaiiec^ of 2 i\i in., by using molyb- 
denum Ka radiation. CJalculato the d .spaciings r<^pr<*s<uit»'(l by the vjirious rings, and 
estimate their intensities as very strong, strong, medium, et<‘. ('ompan^ your results 
with the following values for AlaOa from the Hanawalt -l{iim-h’n*v<*l table: 3.47 
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(50 per cent), 2.55 (75 per cent), 2.37 (30 per cent), 2.08 (100 per cent), 1.74 (50 per 
cent), 1.59 (100 per cent), 1.54 (5 per cent), 1.50 (5 per cent), 1.402 (40 per cent), 
1.370 (60 per cent), 1.233 (20 per cent), 1.186 (10 per cent). 

6 . Figures 19-8 and 19-9 were also taken with molybdenum K® radiation at 2.1 and 
2.0 in. distances respectively. From the following Hanawalt data, make a quali- 
tative analysis of the two samples: Fe304 — 4.85 (6 per cent), 2.97 (28 per cent), 
2.53 (100 per cent), 2.42 (11 per cent), 2.10 (32 per cent), 1.71 (16 per cent), 1.61 
(64 per cent), 1.483 (80 per cent), 1.326 (6 per cent), 1.279 (20 per cent), 1.210 (5 per 
cent), 1.121 (10 per cent), 1.092 (32 per cent); Ag — 2.36 (100 per cent), 2.04 (63 per 



Ftq. 19-9. 


cent), 1.445 (27 per c<int), 1.232 (53 per cent), 1.179 (5 per cent), 1.022 (1 ptsr cent), 
0.938 (8 pen- c(mt); Ag( U -3.20 (40 per cent), 2.77 (100 p<T «-ent), 1.90 (75 per cent), 
1.67 (20 i)er c(mi(.), 1.00 (25 p<n- (tent), 1.385 (9 p<^r cent), 1.270 (0 p<'r c(jnt), 1.240 
(20 per c(uit.), 1.131 (13 p(‘r cent). 

6. l')xpln.in how to prepnn^ an ind(^.v hook from the TI{ina,wa,lt-Uinn-l<'nn'<^l tables. 
If a .sainph' yi(4<ls a powder pa.tt<u'n in which no lin<^ npp<^arH corresponding to 
d = 2.88 .\. (th(^ strong<\st ndlection for K-jiSO^), is it necessarily true that no KaSO-i 
is pnisent? How <^a.n one <ista.hlish its nuixinium concentration, roughly? 

7. In s(‘arching for t,ra,c:es of a,n abrasive such ns SiOj, why might it bo bettor to 
use a stalionary sample ra.ther l.lnin a rotating oiudf Would the pres<m<;e of ground 
glass in tla^ sain(>l<> Ix^ nwidily revt'ahxl in th(^ pattern? n<>w clocks onc^ (‘stimati^ the 
I td.ensiti<^s of tlx- liiuis in a. pow(l(U' pa.tt<^rn with a. ca.lil)ra.t.(Ml film strip? 

8. If th<( sa.inphi is an 80 per c.ent Ag-20 jx^r <*(‘nt. (\1 alloy, wdll t,he (M ndhx-.tions 
a,pp<^a.r in the pa.ttern? What is a solid solution? J)(\scrib(^ the structure of ti suh- 
stitutional solid solution. How d<x^s it difTer from a supe!rlat.ti<sdf 

9. (^uartsc is a. hexagona.! (u-ystal with lattice! <x)nsta.nts a = 4.903 A. and r = 

5.393 A. 'Fhe I Ianawa.lt- H.iun-Fr<^v<4 tal)l(\s list, t.Iu^ following four d values for 
strong (luart/. rc^fhsrtions: 4.25 A. (25 per cent); 3.35 A. (100 per cent); 2.45 A. (15 p<ir 
e<ai(.): 1.82 (25 p(u- (and,). Determine the Millor-Jb*nva.is indices of these four 

reflections. Hint: See page 349. 



CHAPTER 20 

GRAIN SIZE AND PREFERENTIAL ORIENTATION 


1. Introductory Discussion of Grain Size. Most solids are composed 
of tiny crystals, often called ‘‘grains/' especially in referring to metals. 
In general, grains are of irregular shape. Even in a single siniill piecie t>f 

metal there may be considei'able vari- 
ation in the size of neighboring gi*ains. 
In estimating their average size, how- 
ever, it is convenient to idealize and 
regard them as cubical or spheri('al. 
On a cubical basis, the edge leiigtli of 
a cube of average volume is called tlu^ 
“grain size." The physical ])r<)perties of 
metals and other solids are (dosely re- 
lated to the grain size. Two pieces of 
metal of identical chemi(^al <u)mposi- 



Fig. 20-1. — Photomicrograph of steel 
magnified 100 times. 


tion will differ in their physical proixu*- 
ties if their grain sizes differ. Consequently, grain size is one of th<^ 
features commonly measured by metallographers. 

The usual method of measuring it consists in examining or photo- 
graphing a carefully polished and suitably etched section of the iiud.al 
with a microscope. Figure 20-1 show'^s such a photomi(5rogra{)h of a 
steel sample. Usually, the magnified image is projected onto a screen 
on which a 79.8-mm. (SO-cm.^) circle has been in.scril)ed. One tlien 


counts the number of grains completely within the circle, plus half tlui 
number of those partly within and partly outside it. The result of this 
count may be designated by X. If the image projected on the sc^roen is 
magnified M diameters, then the circle on the screen represents 5,00()/J/“ 
mm. 2 of the etched surface of the specimen. Since there are A' grains 
in 5,000/ mm., 2 there are XM^/6,000 grains in 1 mm.^ If the (ich^ally 
cubical) grains have a cube edge length <x, then <x“ is tlie average area |)(m* 
grain in the section, and the number in 1 mm. - is 1 where a- is measured 
in millimeters. Equating these two expressions, 


or 


I ^ XAf" 
5,000 

- J 

" M’S! X 

43 » 
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Except for a “blind spot” between IQ-® and 2 X 10-^ mm., the grain 
size of any crystalline solid can be determined by means of Hull-Debye- 



Fio. 20-2. — Transinisaion i>attorn of shoot steel. 



bcherrer patterns. When th(^ grain size is greater than 10~^ mm., 
it may be estimated with considerable ac<niraey by counting the number 
of dihraction spots in an inner, intense ling of the transmission pattern. 
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As explained on page 405, a crystal structure as coarse as this yields 
a spotty ring pattern. For reference, this type of pattern is illustrated 
again in Fig. 20—2, which is from a sheet-steel sample. When the grain 
size is slightly less than 10~^ mm., the powder pattern is characterized 
by continuous sharp rings, as in Fig. 18-12 or 20—3, the latter being 
from a bar of steel for making permanent magnets. As the grain size 
becomes smaller than this, the character of the powder pattern remains 
the same (sharp rings) until the grain size reaches about 2 X 10“^ mm. 
Thus, between 10“^ and 2 X 10”'^ mm. — a size range of about 25 to 1 — 
the x-ray powder pattern is insensitive to grain size. When a sample 
yields a sharp ring pattern, one can only say that its grain size lies within 

this range. 

When the grain size becomes 
smaller than 2 X lO"'^ mm., however, 
the rings in the pattern begin to lose 
their sharpness and show signs of 
broadening and “fuzziness” because 
such small crystals lack the necessary 
resolving power to produce sharp 
rings, as already mentioned on pages 
321 and 435. Crystals small enough 
to show perceptible broadening of 
the rings in the powder pattern may 
be obtained in metals by cold work- 
ing. In colloidal suspensions, the 
grain size is exceedingly small — of 
the order of 10“® to 10“® mm. — 
and these show a very obviously fuzzy ring pattern, as in Fig. 20-4. 

2. Estimation and Comparison of Grain Size above 10“-* Mm. If 
a cubic centimeter of steel, for example, could be dissected, it might 
be found to contain a billion crystals or grains. If they are regarded as 
tiny cubes, all of the same size, it follows that they are a hundredth of a 
millimeter on an edge, and on the basis of such an idealized picture one 
would say that the grain size of this steel is a hundredth of a millimeter. 
In order to discover the various factors that relate the grain size of a 
polycrystalline material to the character of its x-ray powder pattern, it 
will be instructive to carry through a rough calculation of the grain size 
of a sample that is just on the border line between giving a spotty ring 
pattern like Fig. 20—2 and a continuous ring pattern like Fig. 20-3. 

For a commonly used primary beam, such as the molybdenum K« 
doublet, say, one may use the weighted average wave length of the two 
lines to calculate the value 6 q of the Bragg angle that should yield a 
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diffracted beam from a given set of planes Qikl) in a crystal, knowing 
their interplanar distance d. For ordinary commercial metals like 
annealed aluminum, iron, copper, or brass, the “width” of the diffraction 
maxima for the lower order Bragg reflections is^ of the order of 0.01 radian, 
or This spread in the grazing angle of exodence 6 is due to such 
factors as mosaic structure, finite slit width, the use of a doublet as 
primary radiation, and the variation of the d spacings from point to 
point in the sample due to localized strains. The Kai and Ka 2 compo- 
nents of the K« doublets ordinarily used for the primary beam are not 
usually resolved in the lower order reflections. For typical doublets 
(for example, 0.707 and 0.712 A. for Mo and 1.543 and 1.537 A. for Cu), 
the separation in the lower ordem amounts to less than From a 

crystal properly oriented in the primary beam then, there is a variation 
in the grazing angle of exodence of +Ad, where Ad is about F®, when the 
grazing angle of incidence has its correct value, do. Convei’sely, a 
diffracted beam strong enough to register on the x-ray film should 
emerge from a crystal or grain in a metal, even if its orientation is such 
as to make the grazing angle of incidence d larger or smaller by about 
Ad than the value do required by Bragg’s law. 

This being the case, what is the probability that a steel gi-ain having 
a fixed orientation which is entirely a matter of haphazard chance wdll 
be so oriented that its (110) planes, say [excluding the (110), (011), (011), 
(101), and (101) planes, in this case], will diffra(‘.t in the first order an 
incident beam of parallel x-rays belonging to a typical doublet? 
The lattice constant, a of iron is 2.8(5 A., and so the (110) spacing is 
2.8fi/V2, or 2.02 A. Taking 2 A. as a representative value for d, then 
[copper (111) = 2.08 A.; aluminum (111) == 2.33 A.; etc.], and 1 A. 
as a representative value for X 

(molybdenum K„ = 0.71 A; copper K„ = 1.54 A.), 
one finds from Bragg’s law that, for first-order diffraction, 

si" 9, = 1 = i. 

If sin di is appro.ximately .f? then cos di is approximately 1. return 
to the (question posed at the start of the paragraph, it follows that 
the grain must have its (1 10) planes inclined at an angle of (sin' ‘ I) + Ad 
to the primary beam, hut it may hav(> any azimuth about the beam. 

A man suspended by a rope (which i'epr(\sc;nt.s the primary x-ray 
beam in this analogy) in the dark at tlu^ (^ent<u‘ of a large hollow sphere 
of radius r fires a pistol at random. Tlie bullet will hit the surface 

'' Seo, for oxaniplr, A. li. StokoH, K. J. Pnacoo, au<l II. Lipson, Nature, 161 , 137 
(1943), and C. S. Smith and K. K. Stickley, Phys. Rev., 64 , 191 (1943). 
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of the sphere somewhere, this surface having an area Anr^. The path of 
the bullet represents the normal to the planes (hkl) in question, and it 
therefore determines their orientation in space. If the bullet’s path is 
inclined at an angle 90° — 0^ ± Ad to the rope, where A0 is small, it will 
strike the sphere somewhere in the annular zone having width 2r Ad and 
circumference 2xr cos dx and Airr^ cos dx Ad. Therefore the probability 
P of this happening is 


P = 


47rr^ cos dx Ad 
Airr^ 


= cos ^1 Ad 


(20-2) 


where P is the probability of any one specific crystal having the proper 
orientation. P is also the fraction of the crystals in a large random group 
(say, a billion) that will have the proper orientation. Applying this to 
the present case, where cos = 1, 

P = Ad (20-3) 

where Ad is in radians. 

In the case of iron crystals, there are six sets of planes in the {110} 
form, any one of which would diffract if inclined at dx ± Ad to the primary 
beam. That is, the innermost ring in the iron transmission pattern is 
formed by six "cooperating planes,” as compared with four for the 
inner (111) ring of face-centered cubic metals like copper and aluminum. 
Taking five as an average number of cooperating planes, then, the 
chance of any plane in the form diffracting is 5 Ad. Hence the probability 
of a crystal in a metal diffraction sample producing a diffraction spot 
in the innermost ring of its powder pattern is also about 5 Ad, or there 
will be 1/5A0 crystals in the irradiated part of the specimen for each 
crystal producing a spot. Therefore, if there are N diffraction spots 
in the innermost ring, there are about N/5Ad grains in the portion of 
the sample penetrated by the primary x-ray beam. 

If the primary beam is 0.020 in. in diameter and the sample is 0.003 in. 
in thickness (taking representative values), this portion of the sample 
has a volume of about a millionth of a cubic inch and contains 4A'/5A^ 

N 

grains. Therefore a cubic inch would contain X 10* grains, and 

the grain size <r in inches is thus given by 

<r = 0.01 (20-4) 

In order to estimate the grain size for the case of a "border-line” pattern 
like Fig. 20-5 where the diffraction spots are just barely distinguishable, 
the value of N in such a pattern must be known roughly. Figure 20-5 
was taken from a silver-alloy sample, using molybdenum K« radiation 
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and 0.020-in. pinholes. Silver has a face-centered cubic structure like 
aluminum, the d spacing of the inner (111) ring being 2.36 A. as com- 
pared with 2.33 A. for aluminum. Measurement of the width of the 
inner ring, combined with a knowledge of the specimen-to-film distance 
and collimator dimensions, permits a rough calculation of A0, indicating 
that it is about i-®. It is to be remembered that represents only half 
the angular width. By actual count, the number of spots visible in the 
inner ring of Fig. 20-5 is close to 500. Substituting this value for N and 



Fig. 20-6, — Transmission pattern of oloctrodcposited silver. 


0.0045 radian for A0 in equation (20-4), one obtains cr = 3.5 X lO”'* in., 
or about 9 X 10~'‘ cm. or 9 X 10“^ mm. As a rough approximation, 
then, one concludes that if the rings are spotty the grain size exceeds 


K)--* mm.; if not, the grain size is less than 10““ mm. This calculation 
has been ct)nfirmed by the ixhotomicrographic tochni(pjie outlined in 
Sec. 1 . 


The term AO has been retained in equation (20-4) because it varies 
with pinhole size, the x-ray soun^e, filter, et(^. If some arbitrary value 
such as 0.005 radian is inserted for making I’ough estimates, one has 




0.075 


(20-5) 


The accuracy of this eciuation (uin be iinijroved by reviewing its deriva- 
tion and inserting the specific, values for su<4i items as pinhole diameter, 
sample thickness, d spatjing, primary wave length, and number of 
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cooperating planes for the sample being examined and the technique 
being used. 
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Via. 20-6. Patterns of copper speciniens of various grain sizes. A, grain size about 1 nun 
B, grain size about 0.2 mm. C, grain size about 0,05 mm. 

As an example, one may estimate the grain size of the annealed shoot 
copper from which Fig. 18-10 was obtained. In one-(iuarter of tin 

about 70 diffraction spots, or about 
80 for the whole ring. Hence a in millimeters is about 1/80 mm., 
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or 0.0125 mm. The chief reason for deriving equations (20-4) and (20-6) 
was to show the interrelation between the character of the powder 
pattern, the grain size of the sample, and the various other factors that 





E 

Fig. 20-0. — {Continued.) D, eraiti size about 0.03 inm. E, griiii) Hizci iiboiit 0.003 inin. 

must bo oonsidorofd. When there is a wide variat.ion in grain size in a 
single small sample or when there is a strong pi*eferential orientation 
(see Sees. 4 to 6), some of the assumptions upon which equation (20-4) 
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was derived are no longer valid. In practice, comparative estimates of 
grain size are usually all that are required, and absolute estimates 
from relationships like equation (20-5) are not to be emphasized unduly. 

The ease with which comparative estimates of grain size can be made 
by mere inspection of the patterns is demonstrated by Fig. 20-6. This 
shows a series of copper patterns for samples ranging in size from about 
1 mm. (sample A) to 0.003 mm. (sample E). When no rings ai’e evident, 
as in .4 and B, the grain size exceeds 0.05 mm. Rings begin to evolve, fis 
in Cj when the grain size is about 0.05 mm. 

3. Estimation and Comparison of Grain Size below 2 X 10“^ Mm. 
With a ruled optical grating, diffraction maxima that are close together, 

like the sodium D lines, are readily distin- 
guishable as separate maxima despite their 
proximity, as long as a well-made grating 
with a large number of ruled lines is used. 
When the number of lines in the grating is 
reduced to only 20 or 30, however, the spe(^- 
tral lines become broad and fuzzy, and cloHii^ 
neighbors like the D lines merge into a single 
broad maximum; in technical language, 
there is a loss of resolving powei*. The 
same thing occurs in the case of x-rays wlien 
the grain size drops to about 2 X 10"-* 
mm. (see Sec. 1, and page 321). 

Scherrer^ first studied this phenomenon in a quantitative way, 
beginning about 1918. He derived a formula relating tlie breadth li 
of the diffraction maximum to the size of the crystals, that is, to the 
grain size cr. The formula was of the form 


I 



maximum. 


<r = 


B cos d 


( 20 - 6 ) 

where K a. constant roughly equal to 1, X is the wave lengfh, and d is 
the usual Bragg angle. The units for are the same as l.hose for X; 
that is, if X is in angstroms, <x is given in angstroms. I'he breadth 
of a diffraction line may be measured by means of an ionization <*liaml)<‘r 
OT by densitometry of a pattern that has been recorded photographi<!ally. 
This breadth B is ordinarily measured according to one of two con\'(‘ii- 
^ons. In most cases, the so-called “half-value broadth” Ik mejiKun'd 
Figure 20-7 represents the ionization-chamber current plotted as a 
fimctmn of angular displacement on either side of the center of tin- 
diffraction maximum; or photographic density as metisurod by a densi- 

the book^'^KoUoiH^W- sucker., July 26, 1018; contribution to 

the book Kolloidohemie by R. Zsigmondy, 3d ed., Otto Spamcr, Ixiipsig, ly20. 
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tometer, plotted as distance along the film on either side of the maximum. 
In such a diagram, the intensity I — at the center of the peak drops to 
50 per cent at two points on either side, such as m and n. The 

half-value breadth B of the line is then the angle in radians subtended 
at the diffraction sample by the line pq. That is, if the camera is cylin- 
drical,^ with radius r, then B = pq/r. , Sometimes the breadth B is 
defined as that of a stripe of uniform intensity equal to the maximum, 
/maa, and a total intensity equal to that of the actual line ; that is, 

B = (20-7) 

J- max 

where 0 is the angle 2d between the primary and diffracted rays. For 
precise work, the second definition of B given by (20-7) appears pref- 
erable. ^ For work of ordinary accuracy, the half -value breadth B is 
commonly employed. 

Scherrer’s formula has been subjected to further theoretical investi- 
gation, a paper by Laue^ being the one that laid the groundwork of the 
theory accepted at present. Since Laue's paper, theoretical justification 
has been found for relaxing the restrictions that were formerly considered 
necessary. For example, Seljakow'* has proved that the Scherrer formula 
is valid for noncubic crystals, as well as for cubic, and Patterson^ has 
shown that the external form of the crystal neetl not be similar to that 
of the unit cell, as formerly supposetl. When the half-value breadth 
is taken for B, the accepted value for K in (20-()) is 0.94, as calculated by 
Seljakow. 

In using the formula (20-0) to calculate grain size from a pattern, 
there is some doubt whether B should be called ‘M)readth” or “broaden- 
ing,” for B refers only to the extra breadth of f,he lines due to the grain 
size being less than 2 X 10“'^ mm. When the grain size is of the order 
of 10“® or 10“® mm., as in colloids, so that tine breadth of the lines or 
rings is at least five times that of the usual sharp lines, this point is not 
important; but when the grain size is of the order of 10“"* mm., so that 
the line broadening is only just detectable, allowamie must be made for 
the breadth of the line due to c.auses other than small part.icle size. This 
can be accomplished experimentally by photographing on the same film 
the pattern of a substance having a grain size known to be of the order of 
10~® mm. For accurate work, a simple subtraction of the breadth 
of one of these referen(;e lines from the observed breadth of one of the 

1 For StKunann-Bohlin oamoras, divide by ilie diainetc^r, not, the radius. 

* See, for example, F. W. Jones, Proc. Roy. Sor. {London^ A, 166, 16 (1938). 

3 M. von Lruu^, KrisL, 64, 1 15 (1920). 

^ N. Seljakow, if. Physik, 31, 439 (1924), errata, 33, 648 (1925). 

A. I.. Patterson, Phys. Rev., 66, 978 (1939). 
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lines of the unknown is not permissible. For a fair estimate, one may 
use the relation 

= Bl- B^o (20-8) 

where B^, is the measured breadth and Bo the breadth of the sharp” 
reference line. For accurate work, the details are too intricate to be 
set forth here; reference should be made to the article by Jones ^ already 
mentioned or to articles of a similar nature. ^ The factors determining 
the value of Bq have been discussed in Sec. 2. 

It is important to know that line broadening in a powder pattern 
can be produced by factors other than small grain size; one should have 
evidence that the measured broadening is indeed due primarily to fine 
grain size before committing himself to any positive statements regarding 
grain-size values based on line broadening alone. The factor most 
likely to produce line broadening (that is, a value for B, as distinguished 
from .Bo), aside from ultrafine grain size, is grain distortion, which will be 
discussed in the next chapter. In a colloidal suspension of gold, there 
is scant possibility of grain distortion, and in such cases one may safely 
evaluate the grain size simply from line broadening. When the grain 
size drops to lO"® or 10“® mm., the rings or lines in the transmission 
pattern become greatly broadened, as in Fig. 20-4. Strains or grain 
distortion cannot produce such extreme broadening as this, obtained 
from a colloidal adhesive cement. Such broadening is characteristic of 
colloids, amorphous materials, and liquids (Chap. 22). The chances 
for confusion arise when there is comparatively slight line broadening 
in a pattern from a sample that might be characterized by either fine 
grains or internal strains, or both. 

As an example, there have been various x-ray diffraction studies 
of the nature of the changes produced by cold work in metals. Wood 
has made extensive studies of this. Cold work of metals causes broad- 
ening of the diffraction lines. Assuming that this broadening is due 
entirely to fracture of the metal grains into smaller and smaller ones, 
Wood has found that cold work never reduces the grain size below certain 
characteristic values for various metals. For example, cold working 
never reduces the grain size of copper below 0.7 X lO""* mm. Cor- 
responding values for other metals, given by Wood,® are silver, 0.8 X 10““* 
mm.; nickel, 1.2 X 10““^ mm.; aluminum, 10“® mm. (no appreciable line 
broadening); iron, 3.2 X 10~^ mm.; and molybdenum, 2.2 X 10~^ mm. 
From this, Wood suggests that ‘Hhe crystallite must be regarded as a 
fundamental unit of the metallic grain,” the sizes of these fundamental 

^ Footnote 2, p. 447. 

® See, for example, G. H. Cameron and A. L. Patterson in the A.S.T.M. Sym- 
posium on Radiography and X-ray Diffraction (1937). 

3 W. A. Wood, Proc. Phys. Soc. (Z/ondon), 62, 110 (1940). 



Sec. 4] GRAIN SIZE AND PREFERENTIAL ORIENTATION 449 

crystallites^ being 0.7 X 10~‘‘ mm. for copper, 0.8 X 10~^ mm. for silver, 
etc. 

This interpretation of line broadening due to cold work in metals is 
questioned by other investigators® on the grounds that it may be due 
to grain distortion. For theoretical purposes, a possible way of dis- 
tinguishing between line broadening due to fine grains and broadening 
due to grain distortion is carefully to measure the variation of B with 6. 
If the broadening is due to fine grain size only, then B should be pro- 
portional to X sec 6, since 

B = —\ sec 6 (20-9' 

cr 

from (20-6). On the other hand, if the broadening is due only to grair 
distortion or strain e that has been caused by the cold work, then th€ 
broadening B (proportional to d4> in the following) is related to the Bragg 
angle 0 in a different way, as will now be shown. Recalling that strain < 
is defined as change of length (dd) per unit length (d), or dd/d, the Bragg 
equation is differentiated as follows, regarding d and 6 as variables : 


sin 6 , , 

— .- dd 
d 

or 

B cc. d4> — 2d0 — -2 f = —26 tan 6 (20-10 

so that B should l)e proportional to tan 6 and independent of X. Ii 
experiments on tungsten and ali)ha brass, Sinit.h and Htickley hav< 
found® that cold work produces a lino broadening which varies witl 
6 in accordance with (20-10) rather than (20-9). From this, they con 
elude that the line': broadening probably indicates that cold working 
sets up “ inicrostresses ” in the metal which arc “supposed to be randon 
in direction, magnitude, and sign, and unif(jrm ordy over distaiuies ver;; 
small (iomparod with the dimensions of the sample.” 

4. Preferential Orientation with Respect to an Axis Only — Fibering 
In the study of prefercnitial orientation, crystal-lattice models of th< 
face-(!entered iind body-c.ent(u-ed cubic, structures are very helpful 

^ The word “crystallite” is used by some writers, especially (jleriuans, in tic 
same sense that the words “grain” and “crystal” are used in this book. Woot 
hero uses it synonynioiisly with “mosaic fraRtnents” (Sec. 1(5-10). Owing to differen 
usage by dilTerent writers, it is an ambiguous t.erm. 

* See, for example, It. S. S(.okes, K. .J. Paseoe, and II. Ijipson, Nature, 161, 13' 
(1943); also F. Niemann and S. T. Stephenson, Phys. liav., 62, 330 (1942). 

» C. S. Smith and K. 10. Stickloy, Phya. Rev., 64, 191 (1943). 
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The remainder of this chapter will be more intelligible if such models, 
made of wood balls and stiff wires, are handy for reference. A review 
of the discussion of Fig. 18-8 reveals that it was based on the assumption 
that the crystals in the sample S were oriented at random. The question 
to be considered now is the effect upon the powder pattern of ‘‘prefer- 
ential orientation,’’ that is, orientation that is not random. 

In processes involving the plastic deformation of a metal, such as 
drawing a rod down to a wire, rolling a billet down to a sheet, or “deep 
drawing” a sheet to form a cup, the metal crystals cleave and glide or 
slip along certain crystallographic planes parallel to certain crystallo- 
graphic axes in those planes. Such planes of slip are usually among the 
most densely populated sets, that is, sets of planes having more atoms per 
square angstrom unit than other crystallographic planes. In metals with 
a hexagonal structure, like zinc and magnesium, the densest planes are the 
basal (0001) planes. For such metals, plastic deformation causes the 
crystals to cleave into slices along these planes, followed by sliding or 
gliding of the slices along them. The gliding takes place along the 
{111} planes in face-centered cubic metals, and these are the densest 
planes in such metals. This gliding is confined to the [1010], [0110], or 
[1100] directions in the hexagonal case and the [110], [01 1], or [101] direc- 
tions in the face-centered cubic case. In some of the body-centered cubic 
metals, like tungsten, {112} are the planes of slip, even though they are 
not the most densely populated. 

These processes obviously Avill reduce the grain size by fragmenta- 
tion; in addition, the special direction of the fragmentation and slip 
results in the fragments acquiring preferred orientations with res})eet 
to the drawing or rolling axis. In a few instances siK'.h a preferred 
orientation is desirable or beneficial. For example, Goss* has found 
that the electrical properties of silicon sheet steel for transformer laminae 
are improved by allowing it to retain its preferential orientation.** Such 
steel has a considerably higher magnetic permeability in th(^ direction 
of roll than in other directions. Snoek'** has found that the resistam^e 
of nickel steel to corrosion improves when the orientation is preferential. 
In general, however, preferential orientation is objectionable becrause it 
weakens a metal and reduces its ability to withstand further (h^fornuit.ion. 
The forming operations that cause preferential orientat-ion an^ usually 
performed in several stages. Each forming stoj) increases the in-ehn-enUal 
orientation, thus reducing the capacity of the met.al to und(M*g<) addi- 
tional forming steps. Therefore it is often necessary to anneal the metal 
between some of the stages to relieve the preferential orientation by 

^ N. P. Goss, Trans. Am. Soc. Metals^ 23, 611 (1935). 

® R. M, Bozorth, Trans. Am. Soc. Metals, 23, 1107 (1935). 

^ J. L. Snoek, Z. Metallkunde, 30, 94 (1938). 
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permitting the grains to “recrystallize" before proceeding to the next 
stage. In most cases, annealing causes a recrystallization in which new 
crystals form of a size comparable with the size of those originally 
present, and these new crystals usually have a nearly random orientation. 
In some instances, however, a new and different preferential orientation 
results, called the “ reciystallization orientation." 

In wire drawing, the tendency is to align some crystallographic axis' 
(such as [111] and [100] in the face-centered cubic metals) with the axis 
of the wire. This may be the only effect, as with aluminum, where the 
crystals retain their original random orientation in the plane perpen- 
dicular to the wire. In such a case, 
the preferred orientation is some- 
times called “fibering," and the wire 
axis is called the “fiber axis." In 
other cases, as with tungsten,^ there 
may be a tendency, not only to 
align an axis ([110] in this case) with 
the wire, but also to align some 
other axis ([001] in this case) along 
the diameters of the wire, as shown 
in Fig. 20-8; this type of fibering is 
sometimes called “limited fil)ering." 

Ijimitod fibering is characteristic of 
rolkid sheet metal, because the preferential orientation not only aligns 
some crystallographic axis, such as [110], with i.he rolling direction, but 
also aligns some set of pianos, siuOi as (001), in the plane of the sheet, 
as shown schematically in Fig. 20-8. 

Suppose for a moment that the fibering in an aluminum wire is 
perfect, so that every grain has its [111] axis exactly j;)arallel to the wire. 
Then one would expect that the powder pattern obtained with the x-ray 
lieam passing perpendicularly through such a wire would bear a strong 
resemblance to the rotation patterns described in Chap. 17. In taking 
a lotation pattern, the x-ray beam passes through a single crystal, which 
is rotated steadily about one of its zone axes perpendicularly to the beam. 
In the wire, all the crystals have a particular zone axis perpendicular 
to the beam, and they have all possible orientations attainable by rota- 
tion about this axis. Therefoi-e the resulting pattei-n should have the 
layer-line characteristics of a rotation pattern if the orientation, or fiber- 
ing, is perfeiit, but the rings characteristic of i-andom orientation should 
persist if the fibering is only partial. To approach the problem from the 
standpoint of the discussion (page 402) of Fig. 18-8, it is logical to 
expect that preferential oiientations of the crystals in the sample 3 


Ji 


Sheet 



Wire 


Kia. 20-8. — PrcfcM'OMtiiil orioiitatioii us- 
BUined by (M’yHtalH in rollod Klioet.H tind drawn 
wiroH of body-(?cnitorod cubic niotalH like 
tungwton. 



^ Hoe, for example, Z. JolTrios, 


Trayis. AJ.M.M.E., 70, 303 


(1924). 
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will disturb the random distribution of the rays in the cones 8AA' , etc. 
resulting in rings that are not uniformly intense all the way around their 
circumference. 



Fra. 20-9. — Transmission pattern of aluiniixuni wire. 



Fia. 20-10. — Pattern of same wire as in Fig. 20-9, after stretching boyoncl 

Arrow marked AXIS indicates the axis of tlio wire. 


t he elnst limit . 


iiguie 20-9 is a pinhole Hull-Oebye-Schcrrcr pattern of a piece of 
aluminum wire, and Fig. 20-10 is a similar pattern of tlu^ saints wire after 
it has been stretched beyond its elastic limit. As suggested in the fore- 
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going discussion, the grain size has been greatly reduced by this plastic, 
deformation, and the “lumpiness’' of the rings indicates that the crystals 
have acquired a preferential orientation as a result of the stretching. 
Since aluminum is face-centered cubic, the fibering has supposedly 
aligned the [111] or [100] zone axes of the crystals with the wire axis. 

A method of analyzing a pattern that shows fibering like figure 20-10 
has been described by Glocker. ^ In Fig. 20-1 1, AS represents the primary 
x-ray beam striking the wire perpendicularly at S, the undiffracted 
beam then striking the film F at O. The diffracted ray SP strikes the 



Fia. 20-1 1. — Showing tho interrolatod angle.s 5, p, anil 0 involvinl in the analysis of fiboring. 


film at a point P on the (nrcumfcrenco of one of the rings Ji in thti result- 
ing pattern like Fig. 20-10. Suppose, now, that P is one of the abnor- 
mally intense lumps (indicated by ar-rows and crosses in Fig. 20-10) on 
the ring li (Fig. 20-11). CO is a line di*awn on tho film jjarallel to the 
wire IF/S, marked “axis” in Fig- 20-10. From the analogy with the 
case of a single-crystal rotation pattern (see images 387 to 388), such 
spots P will t)ccur in groups of four, symrmd.i’ically located on opposite 
sides of CO and on opposite sides of a line on the film through O perpen- 
dicular to CO. This may be seen, also, Iry imagining the r-eflecting 
plane // to r-otate about IthS, maintaining its fixed inclination p to it 
{NS is the normal to plane //). If 5 is the angle l>etiWeen OP and OC 
and 9 is the usual Bragg angle for th(^ sc^t of planes II from which ray 
SP is “reflected,” Polanyi- has shown t.hal. 5 is given by 


cos 5 = 


(^OS p 

cos 0 


( 20 - 11 ) 


^ R. CJlockor, " Matorialpriifung itiit RiMilgcuiHirnhlcM,” p. 327, 2<1 ed., Verlag, 
Julius Springer, Ilerlin, 1936. 

“ M. Polnnyi, Z. Physik, 7, 149 (1921). 
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Patterns like Fig. 20-10 are usually taken with fairly hard radiation — 
molybdenum K« in this case. Consequently cos 6 is nearly 1, even for 
the outermost rings. In the present example, cos e — 0.953 for the outer- 
most (222) ring. Therefore, to a good approximation, equation (20-11) 
becomes simply /> = 5. This being the case, one may readily calculate 
where the lumps in a pattern like Fig. 20-10 should appear if [111] is 
the fiber axis, for example. From the lattice geometry of cubic crystals, 
one finds the following expression for the inclination of the normal (/SiV, 
Fig. 20-11) for any set of planes (hkl) to any zone axis [uvw]’. 


_ uh vk Iw 

^ -h A:® + 


(20-12) 


Using this equation, one readily calculates p for the (111), (100), (110), 
(311), etc., planes, assuming that [111] is the fiber axis, for example. 
For convenience, values of p from equation (20-12) have been listed in 
Table 20-1. Thus, for the innermost (111) ring in Fig. 20-10, six lumps 


Table 20-1. — Values op p 
(In degrees) 


Lattice 

Fiber axis 

plane 

[1001 

[110] 

[1111 

[112] 

(100) 

0, 90 

45, 90 

55 

35, 66 

(110) 

45, 90 

0, 60, 90 

35, 90 

30, 55, 73, 90 

(111) 

65 

35, 90 

0, 71 

19, 62, 90 

(112) 

35, 66 

30, 55, 73, 90 

19, 62, 90 

0, 34, 48, 60, 71, 80 

(310) 

18, 72 

27, 48, 63, 77 

43, 69 

25, 50, 59, 75, 83 

(311) 

25, 72 

31, 65, 90 

30, 59, 80 

10, 42, 61, 76, 90 


should appear at 0 and 71° from ‘'axis’' if [111] is the fiber axis. Sim- 
ilarly, for the second (200) ring, four lumps should appear at 55° from 
“axis,” etc. These predicted positions for the lumps have been indicated 
by the arrows in Fig. 20-10. On the other hand, if [100] is the fiber 
axis, reference to Table 20-1 shows that lumps should appear at the 
positions indicated by crosses in Fig. 20-10. Since strong maxima are 
actually observed where the arrows predict them arul weaker maxima 
are also seen where the crosses predict them, one may (H)n(dude that 
perhaps two-thirds or three-fourths of the crystals in the wire tended 
to align their [111] axes parallel to the wire, whereas the remaining 
25 or 35 per cent preferred [100] as a fiber axis. This is typical (.)f face- 
centered cubic metal wires. As a rule, [110] is the filxir axis of body- 
centered cubic wires. 

The positions for [111] fibering predicted for the maxima by the 
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arrows in Fig. 20-10 are represented by the black spots in Fig. 20-12, and 
■the positions for [100] fibering are represented by the spots in Fig. 20—13 
and by crosses in Fig. 20-10. The purpose of Figs. 20-12 and 20-13 is to 
show how these maxima lie on layer lines, as in Figs. 17-10 and 17-11 
by the analogy already mentioned. 



Fig. 20-12. — Fiber diagram for [till 
fibering of face-centcred cubic metal». 
Note the layer lines. 



Fia. 20-13.— Fiber diagram for [1001 
fiberirjg of face-centered cubic metals. 
Note the layer lines. 


If the wire is inclined to the primary beam at an angle /3 loss than 90® 
in Fig. 20-11, then the orientation maxima occur in groups of four as 
before, but they are crowded together in t.he half of the pattern toward 
which the wire leans and spread apart in the other half, so that there are 
two values for the angle 5. One of tliese is given by the following equa- 
tion, which replaces (20-11): 


(H>S 


5 = £ 1 ^ 


p — cos ^ sill 6 
sin (5 cos 6 


(20-13) 


The other is found by substituting 180® — /S for (3 in (20-13). 

6. Preferential Orientation with Respect to an Axis and a Surface — 
Limited Fibering. limited fibering, as distinguished from fibering, 
has already been described on iiago 451 and in Fig. 20-8. It is the type 
of preferential orientation commonly encountered in sheet metal sub- 
jected to rolling or deep drawing. As a rule, the direction of the pre- 
ferred orientation resulting frt)in cold work of sheet metal depends 
on the metal, whereas the degno or completeness of the prefei-red orienta- 
tion depends on the number of passes, the size of the rolls, the per cent 
reduction, etc. Usually the l>ody-c.entercd c.uhic*. <*.rystals in metals 
such as iron and tungsten tend to align thcdnselvcis with th<ur [110] axes 
(cube-face diagonals) parallel to the roll dire<4.i<m of the sheet and with 
their {100} faces lying in the ])lane of the surface. 

Ilanawalt has shown tliat the direction of prciferential orientation in 
extruded magnesium alloys varies with the extruding temperature. At 
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a low temperature, the fiber axis is [210], at a higher temperature, [110].^ 
Magnesium has a hexagonal close-packed structure, and rolling tends 
to cause the hexagonal axis (C axis) to take up a position perpendicular 
to the plane of the sheet. ^ The same is true of zinc,® which also has a 
hexagonal structure. 

Upon turning to the face-centered cubic metals like copper, alpha 
brass, and aluminum, the situation is somewhat more complex. The 
nature of the preferred orientation produced by cold woi-k in this case 
has been studied by Polanyi and Weissenberg,^ Wever and Schmidt,® and 
others. Supplementing these general studies, there have been investi- 
gations of various face-centered cubic metals individually, such as 
aluminum® and copper.^ Cold work tends to align the crystals of these 
metals with one of their [112] axes parallel to the direction of rolling or 
drawing and one of the planes of the {110} form parallel to the surface. 
There are two alternative orientations fulfilling this condition, as Cook 
and Richards’" have pointed out. These are typified by the (1 10) plane 
(excluding the other {110} forms in this case) parallel to the surface 
and either the [112] axis or the [112] axis parallel to the rolling direction. 
The methods by which these preferred orientations are determined from 
powder patterns are rather involved; the commonest method makes 
use of so-called “'pole figures,” which will be discussed later. Once 
the orientation has been deduced by such methods, however, its verifica- 
tion from the patterns obtained in ordinary routine work is fairly simple. 

Figure 20-15 is a transmission pattern of a section (uit from the 
corrugated wall of a brass bellows formed l>y deep drawing from sheet 
brass, the pattern of the original annealed sheet being shown in Fig. 20-14. 
It is at once evident that the grain size has been greatly r(Klu(^ed. The 
fact that the rings are not uniform in intensity all around their c.irciun- 
ference immediately reveals pi-eferential orientation of the crystiils in a 
direction perpendicular to the primary x-ray beam, in this case, in the 
plane of the sheet. In Fig. 20-15 this nonuniformity is not very pro- 
nounced; in fact, it would be likely to escape the notice of a person 
examining it casually. As the preferential orientation in the sample 
becomes more pronounced, this nonuniformity becomes more pronounced 

^ A.S.T.M. Symposium on Radiography and X-rny DilTrjudiotv (i‘.)8(i), p. 

* D. E. Thomas, J. Inst. Metals, 67, 173 (1941); L. Froumior, ,/. I nsL MHah, 
67,361 (1941). 

® M. L. Fuller and G. Edmunds, T.A.I.M.M.E., Ill, 147 (1934). 

^ M. Polanyi, Z. Physik, 7, 149 (1921); M. Polanyi and K. Weissonborg, Z. Phijsik, 
9, 123 (1922); 10, 44 (1922). 

® F. Wever and W. Schmidt, Z. tech. Physik, 8, 398 (1927). 

“ W, G. Burgers and J. C. M. Basart, Z. Physik, 64, 86 (1929); L. Froinmer, 
J. Inst. Metals, 64, 284 (1939). 

M. C'Ook and T. L. Richards, J. Inst. Metals, 66, 1 (1940). 
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until the rings lose their identity as rings entirely and are replaced h 
(usually) four, six, or eight segments,^ depending upon the metal, tl; 



Fig, 20-14. — Pattnrn of nnnoalod Hhoet brass. 



Fitj. 20-15. — I^al.toru of samo sboot brusH as in Fi^, 20-14, after deep drawing oporatioi 

nature of l.lic (M)1c1 work, and th(^ relative dirocitioiis of the axis of tl 
work and of the priniary x-ray Ix^ani. Altliough the degree of preferenti 

^ All (ixc(?ll<Mit, scricH of illustnit ioiiH for i-oIIcnI iihiininuin is inclucUicl in the artii 
l^y L. Froinrnor, J. I nut. Mvlala, 64, 284 (1 !)<{{)). 
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orientation seen in Fig. 20-15 is comparatively slight, it was enough to 
cause early fatigue failure by flexure of the bellows in service. By 
forming the bellows in four operations instead of three, this preferred 
orientation was practically eliminated and, with it, the fatigue failures. 

Thus it is seen that a simple visual inspection of a diffraction pattern 
occasionally may be sufficient to discover and suggest a cure for some 
difficulty. As a method of detecting the internal damage due to fatigue 
stresses in metals, and hence as a warning of impending fatigue failure, 
x-ray diffraction has not proved successful, except in the rare cases 
where the pattern happens to be taken exactly at the point of failure 
shortly before it occurs.^ In many instances where preferential orienta- 
tion is an important factor, it is merely necessary to compare its severity 
in one sample with its severity in another or to compare the direction 
of the orientation in two samples. One can detect differences in either 
severity or direction of orientation by cursory examination of the non- 
uniformities of the rings. 

When the question, ‘‘What is the orientation?” enters, however, as 
it does, in a few problems, the answer is not so readily evident. As an 
example, let us ask “What is the preferential orientation that caused the 
nonuniform rings in Fig. 20-15?” First, the material is brass. The 
innermost faint ring marked 1 in the figure is caused by the K,? radiation 
that evidently was present, probably owing to too thin a filter. If 
this is ignored, the pattern is seen to fit the “pair followed by a single 
ring” sequence (Fig. 18-7) characteristic of face-centered cubic materials. 
This indicates that the specimen is alpha brass, a solid solution of zinc 
in copper, characteristic of brass from zero up to about 38 per cent zinc. 
Therefore the innermost and strongest ring (neglecting 1) is the (111) 
ring, the next is (200), followed by the (220) ring considerably farther 
out. It might be presumed that deep drawing would produce the same 
* sort of preferential orientation in the brass as rolling would, but this 
remains to be verified. Tentatively assuming that such is the case, 
however, what arrangement of ring nonuniformities is to be expect^? 

If the (110) planes tend to lie parallel to the surface and if the [112] 
axis tends to be aligned with the “axis of roll” (whatever that may be, 
when one is forming a bellows!), then one is concei'iied with the most 
probable orientation of the planes of the {111} and {100} forms under 
these circumstances, since these planes diffract the two most prominent 
rings in Fig. 20-15. Reference to the model mentioned at the beginning 
of this section will show that Fig, 20-l()A represents the desired relation- 
ships. The angles involved are angles such as tan~^ l/-\/2, etc., as 
may be deduced from the model. Table 20-2 will be found helpful 

^ See, for example, A. G. Barkow, J. Applied Phys., 16, 111 (1945) (aluminum); 
or R. G. Spenber, Phys. Rev., 66, 991 (1939) (malleable iron). 
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also in this type of work. Figure 20-16^ is a diagram that represenf 
the following facts : Looking along the primary x-ray beam, to which th 
(110) planes tend to become perpendicular, with the [112] axis (tha 
is, the direction of roll R) vertical in the figure, the [111] axis is tranf 
verse to the direction of roll and the [001] axis is aligned 54®44' countei 


Table 20-2. Angles between Crystallogkaphio Planes in Citbio CKYsn'Ai 


{HKL) 

(kkl) 

Values of angles between (ffKL) and {hkl) 



0° 

90° 






110 

45° 

1)0° 






111 

54°44' 







210 

26°34' 

63°26' 

1)0° 





211 

35°16' 

65°54' 






221 

48°11' 

70°32' 






311 

25°14' 

72°27' 





110 

no 


60° 

1)0° 





111 

35° 16' 

90° 






210 

18°26' 

50°46' 

71°34' 





21 1 

30° 1' 

54°44' 

73°13' 

1)0° 




221 

19°28' 

45° 

76°22' 

1)0° 




311 

3l°27' 

64°47' 

90° 




111 

111 

0° 

70°32' 






210 

31)° 14' 

75° 2' 






211 

11)°28' 

(U°52' 

DO'' 





221 

1 5°48' 

54°-14' 

78°54' 





311 

21)°30' 

58°30' 

71)°58' 




210 

210 


3()°52' 

53" S' 

66°25' 

78°28' 

90° 


211 

24° 6' 

43° 5' 

56°47' 

79°29' 

1)0° 



221 

26°34' 

4 1 °4<)' 

53°2I' 

63°26' 

72°39' 

1)0° 


311 

1<)°17' 

47°36' 

66° S' 

82" 15' 



211 

211 

0° 

33°33' 

48'’ 1 1 ' 

60° 

70'"32' 

80°24' 


221 

1 7°43' 

35° 16' 

47° 7' 

65°5.l' 

74" 12' 

82'T2' 


311 

11)° 8' 

42°24' 

6()°30' 

75 “4 5' 

1)0° 


221 

221 

0° 

27° 16' 

3H't57' 

63“37' 

83°37' 

1)0" 

311 

31 1 

0° 

35° 6' 

50°2l)' 

(•>2“58' 

84"47' 



♦ R. M. Boaorth, Phyit . Rm ., 26, »<)() 


(tlockwiso and the [111] axis 70°32' clockwise with respect to it. In 
cubi<^ (crystal, the [/?A’/] axis is normal to th<‘ {fikl) j)lan<\s, and so one won] 
expe<;t the (11 1) planes to (congregate about a i)osition causing them 1 
diffract thc! jirimary rays to the left and right, iis indicated by the lii 
mark(^d 111 in Fig. 20-1 (>yl. Therefore, in the pattern, as representc 
by Fig. 20-16(7, one would expecjt abnormal intensities in the inner (IF 
ring at the points marked A B, A B. Takenvise, the 111 line in Fig. 20-16. 
would suggest abnormal intensities in the inner (111) ring at the tw 
points marked A, and the 001 line in Fig. 20-16A predicts abnormj 
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intensities in the outer (200) ring at the two points marked A in Fig. 
20-16C. Such preferential orientation must equally divide itself between 
[1T2] alignment and [Tl2] alignment, that is, between the alignment of 



Fig. 20-16. — Diagrams for the study of preferential orientation in face-centerod cubic sheet 

metal, such as alpha brass. 


Fig. 20-16^ and Fig. 20-1 6 jB, by probability, since both alignments are 
crystallographically equivalent. As before, Fig. 20-16J3 predicts 
abnormal intensities at the points marked B and AB in Fig. 20-l(5C, 

Comparison of Fig. 20-1 6C with 
Fig. 20-16 shows that the observed 
abnormal intensities occur exactly 
as predicted, if R is taken as the 
rolling axis. Since the s^jots A B 
are due to both alignments, whereas 
the otliei' spots marked A ancl B are 
due to only one of the two, they 
should be twice as intense as the 
others. This appears to be the 
case, as far as one can judge by vis- 
ual observ'^ation. 

6. Pole Figures. The preced- 
ing section has made it evident that 
the character and degree of the preferential orientation of the crystals in 
a solid is difficult to describe and represent clearly, bt^cause one is dealing 
with a large number of three-dimensional objects filling a thi-ee-dimen- 
sional space. In an effort to find some way of doing this, Wever’ has 
devised an adaptation of the stereographic projec-tions used in single- 
crystal studies by crystallographera. Wever's adaptation is called a 
“pole figure.” To prepare a pole figure for the (111) plane in the case 

’•F. Wever, Z. Physik, 28, 69 (1924); for more detail, see F. Wever, Trans. 
A.I.M.M.E., 93, 51 (1931). 





Fig. 20-17. — Method of obtaining pattern 
at grazing incidence. 
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of the drawn brass just discussed, it is necessary to take seven 
mission patterns at some 5 or 10 different angles between the 
beam and the metal surface. At small inclinations, only par 
normal transmission pattern is obtainable, as seen in Fig. 20-17 
is, only the arcs forming the upper part of the usual rings in tl 
will appear on the film. 

In Fig. 20-18, the primary monochromatic x-ray beam Xj 
perpendicularly through the sheet specimen C, which has beei 
down to suitable thickness, the primary beam then striking th 



20-1 S. lllustratinju; l»ho (Mjnst.riKddon of a figure. 


l^erpeiidicularly at A. 'l''lic spliert^ W of radius CA is drawn w 
center. Tlie great circle (i is driiwii in the plane of the sheet sj 
the refcren(*.e point ./ being the line JC, the direc-tion of rollin 
preferential orientation may be siu’.h that many of the (111) pla 
to congregatt^ about a position MN, causing abnormal intensit: 
(111) ring N at the s])ot *S on th<‘ lilin F. Upon erecting the perpe 
CP' to the lAaiH's M N , it int<n-se(d.s t.h<^ sj>hei*e at P' . When P' ii 
from an imaginary |)eeph<)i<^ at. .1 , it appt’sars to be at P on the plai 
great <*.ir<de fr. Sindi |)oint.s P ar<*^ [)lott(id on a piecx^ of paper repr 
this circ.ulai' plan<‘ area JCl t o s<ra,le, for all spots aS on the (1 11) i 
Then tiie j)lan(’! si)e(nni<m U is rotal,ed about the axis C,I thr 
angles of 80°, say, an<l a new pattern photograplmd. Great 
rotates about axis CJ with th<^ sp(M*.iin<ui. The i)lotting is rep( 
the same picx^e of ])ap<'!r. This is done for several su<^h positi( 
then for several mor<^ wlien i.he specinum (and f/) arc rotated to 
four fixed positions about, a Iransvcsrst^ axis perpemlicular to 1 
and A'.-l . ''Phe rcisulting ster(M)gi’ai)hically projected plot of poii 
the plane of thcj gn^at. (nrck‘ f / is (uilletl a “pole figure” for the (111 
be(?ause it was ])lott.c^d from the abnormally intense spots on tl 
ling. If the abnormally intense sjiots <^n the (200) ring had be 
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instead, the resulting plot would be a pole figure for the (100) planes. 
The direction of roll CJ obviously will appear in the pole figure unless the 
specimen C is a sheet cut transversely out of a rolled plate, for example, 
when the direction of roll is perpendicular to the specimen and hence 
to the plane of the pole figure. In this case, the reference axis CJ 




Fig. 20-19.— Pole figures showing the texture of rolled alpha brass, n, ( 1 00) planes- h (111) 

planes; c, (110) planes. {GOler and Sacha.) ’ ’ 


represent the normal to the original plate, and the other axis will r(^pr<^- 
sent the transverse direction (Fig. 20-20 is an example). > 

Such pole figures are useful to those who wish to study pndoreiif.ial 
orientation in rolled or drawn metals in a quantitative way. 'rh<‘y 
represent both the direction and the degree of orientation of the cr\'Hl.als 
quantitatively. 2 Figure 20-19 shows three pole figures in the plains of t he 
sheet for rolled alpha brass, as plotted by Goler and Saclis.*** ddu* 1.hr<i<‘ 

124,' 29 details on plotting pole figures, see C. S. Barrett, Tra 7 Ui. A.I.M.Af.E., 


®B. F. Decker, J. Applied Phys., 16, 309 (1945). 

^ V. Goler and G. Sachs, Z. Physik, 66, 477 (1929). 
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figures were plotted, respectively, from the (200), (111), and (220) rings 
in a series of patterns in which the central one (normal incidence) must 
have been very similar to Fig. 20-15. The small black dots in Fig. 20-19 
mark the pole areas corresponding to the A orientation in Fig. 20-16, and 
the others correspond to the B orientation. The shaded areas show the 
most frequent locations of the poles on the stereographic plot. The 
surrounding clear borders show the less densely populated polar areas. 
Figure 20-20 is a pole figure plotted by Wever for the (Oil) plane of 



(OU) 

kUTV 


Moojy^ 


QCOJJ) 



Fio, 20-20. — Pole figuro (loft) for the (01 1) planes of sheet steel, viewed along the direc- 
tion of roll (Wever). Orientation of unit cuboHis indicated at right. W is direction of roll; 
N is the normal to the sheet. Q is in the plane of the shoot, and porpondicnilar to N and W * 


cold-rolled iron as viewed along the direction of roll, W, perpend i cm lar to 
the diagram. The plane of the original rollcKl plate, also pei'pendicular 
to the diagram, intersects it along the horizontal line Q. The shad<^ 
areas along the right and left edges are the regions in whieh the [011] 
and [Oil] poles P (Fig. 20-18) congregate. The area in the center is for 
[011], of course, and the other four areas are for [110], [110], [101], and 
[ 101 ]. 

7. Preferential Orientation in the Direction of the Primary X-ray 
Beam. The preceding sections may give the impression that preferred 
orientation always manifests itself in a powder pattern in the form of 
abnormally intense spots at certain definite positions around the circum- 
ference of certain diffraction rings. This" is not true. When it is uniaxial 
and is in the direction of the primary x-ray l>eam, the preferential orienta- 
tion manifests itself as a change in the relative intensities of the rings. 
This type is commonly encountered in the metallic coats deposited in 
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electroplating processes. As an example, one may consider the case of 
nickel electrodeposited on copper. Since nickel is face-centered cubic, 
its normal HuU-Debye-Scherrer transmission pattern consists of the (111), 
(200), (220), etc., rings, as indicated in Fig. 18-6. When one carries 
through a calculation of the type illustrated in Table 18-2 (page 414), 
the relative intensities of the (111) and (200) rings for nickel are found 
to be theoretically 128,300 and 72,000, respectively, or about 16 to 9. 
Such a calculation is of course based on the assumption that the orienta- 
tion is random. When electrodeposited coats are of the order of a 



Fig. 20-21. — Electrodeposited nickel; random orientation. Inner (111) rin^ is noticeably 

heavier than (200) ring just outside it. 


thousandth of an inch thick, an obvious way to examine them by x-ray 
diffraction is to strip the coat from the base metal and use the former 
as a transmission specimen. In the case of nickel electrodeposited on 
copper, this is readily accomplished by placing the nickel-plated sheet of 
copper in a strong KCN (potassium cyanide) solution for a few minutes. 

Figure 20-21 shows the transmission pattern of such a stripped-off 
nickel coat. The broad, blurred rings are due to the use of large pin- 
holes, which were employed in this work to reduce the exposure time to 
about 5 min.; since a large number of samples were e.xamined and the 
relative intensities of the (111) and (200), rings were the only feature of 
the pattern to be studied, clear, sharp rings were unnecessary. The 
nickel coat that gave the pattern in Fig. 20-21 was electroplated with a 
usual current density of 50 ma,/cm.^. It is seen that the inner (111) 
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ring is stronger than the adjacent (200) ring. From casual examination, 
one might agree that (200) is about as strong as (111), the theoretical 
ratio for random nickel- 

Figure 20-22 shows the transmission pattern of another stripped-off 
nickel coat prepared under identical conditions except that the unusually 
low current density of 3 ma./cm.^ was used in the plating process. To 
secure the same thickness of coat, the time for the plating was ^ as great 
as before. It is apparent that the (111) and (200) rings have nearly 



Kig. 20-22. ElootrodopoHitert nickol; preforential onontation (cnV)o faoew lio in the plane of 
the Hurfaco). The two rin^H (111) and (200) about equally inteuHC. 


equal intensity in this ])attern. The explanation is that at such a low 
current density the nickel is (leposit<Hl wit h a pr<^ferre<l orientation. The 
great difference in appearance of the two nic.k(il-plated sheets makes it 
evident that there is some important difforenc-e in the structure of the 
two coats, and the x-ray i)attcirns reveal what this difference is. Its 
nature would be very difficult to detei'inine l)y any method other than 
x-ray or elect, ron diffra<t,ion. Mxp(U‘imonts of this type have been 
described by Wood. ^ 


The fact that tlu^ (200) ring is ahnornndly sf,rong for all azimuths 
(that is, uniformly strong all around its c:ii'cumferenc,e) can bo explained 
by supposing tliat the low-(nirront-densit,y ni(^k(t ])lat(i is de]:)osited in the 
form of cubic crystals, a large fract.ion of whicdi have one cube face in a 
position nearly parallel to tlu^ metal surface but the other four faces 
(the ones perp€indicular to this one) oriented in I’andom directions in the 


’ W. A. Wood, Phil. Mag., 20, 964 (1935). 



466 


X-RAYS IN PRACTICE 


[Chap. 20 


plane of the metal surface. Presumably these other four faces are those 
which do most of the reflecting'' of the rays into the (200) ring, since 
they must lack just 11.7® of being perpendicular to the sheet in order 
to do so, by Bragg’s law, for molybdenum K„ radiation. 

8. Concluding Discussion. This chapter has explained how grain 
size can be determined by x-ray diffraction unless it lies in the 2 X 10~^ 
to 10“® mm. blind spot. In practice, the region in which the x-ray 
method is superior to other methods of grain-size determination is in the 
lower ranges below 10"^ mm., where the grains are too small to see 
microscopically; however, there are instances where the x-ray method 
is most helpful in determining grain size, even in the ordinary size range. 
The interdependence of the various factors such as (1) character of the 
x-ray pattern, (2) grain size, (3) grain distortion (strain), (4) crystal 
structure (amorphous or crystalline), (5) technique (back reflection or 
transmission, etc.), and (6) preferred orientation is now becoming evident. 
It is clear that one should be familiar with these interdependent rela- 
tionships before undertaking to interpret diffraction patterns. Finally, 
the commercial importance of preferred orientation has been brought out, 
along with the fact that x-ray diffraction is the preeminent method, and 
practically the only method, of measuring and studying it. 

QUESTIONS AND PROBLEMS 

1 . What is grain size, and how is it usually measured? According to Wood, 
what is the smallest grain size attained in the commoner commercial metals by cold 
work? How can one measure the much finer grain sizes existing in colloidal sus- 
pensions, etc. ? What is the blind spot in the x-ray method of grain-size measurement? 

2. Make a rough estimate of the grain size of the steel sample giving the pattern 
in Fig. 20-2. 

3 . How should you tell by a glance at a transmission pattern whether the grain 
size of the sample was considerably above or below (a) 0.05 mm.; (5) 0.005 mm.; 
(c) 0.0002 mm.? 

4 . In estimating the grain size by actual counting of the diffraction spots in a 
pattern, what factors should be considered if an accurate estimate is desired? What 
is meant by the half-value breadth If of a diffraction line, as used in the Schcrrer 
formula? 

6. A transmission pattern of colloidal gold is obtained with molybdenum Ka 
radiation. Gold is face-centered cubic with a lattice constant a = 4.07 A. After 
making all corrections, the breadth B as used in the Scherror formula is 0.01 radian 
for the (111) ring. What is the grain size of the gold particles? 

Ans. 6J X 10“* mm. 

6. Does the breadth B as ordinarily defined correspond to a spread Ad in the 

Bragg angle 0 or to a spread A<t> in the angle of deflection </» == 2^? If the breadth of 
the (111) line from a sample of copper filings is 0.005 radian and if the breadth of the 
same line for some drawn copper is 0.01 radian, what is the value of B that should be 
used in the Soherrer formula for the drawn copper? Ans. 0.00866 radian. 

7 . Is there any way in which line broadening due to inicrostresses can bo dis- 
tinguished from line broadening due to ultrafine grain size? If so, how? 
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8. Does the direction of the preferential orientation caused by rolling depend 
primarily on (a) the metal being rolled or (6) the number of passes and per cent reduc- 
tion? Does the degree or severity of the orientation depend primarily on (a) or (6)? 

9. What feature or characteristic in an x-ray diffraction pattern usually reveals 
preferential orientation in the sample? Is it possible for preferential orientation 
to be quite pronounced without this feature appearing in the pattern? If so, what 
can be said about the direction of the orientation? 

10. What differences should you expect to see in the x-ray pattern of sheet copper 
after one pass through the rolls and after two passes? What is a crystallite? 

11. How could one measure the severity or degree of the preferential orientation 
in nickel plate by taking only one pattern of it? What is meant by recrystallization 
orientation? 

12. What is a pole figure? With the aid of a wire and ball model, identify as 
many of the poles in Fig. 20-19 as you can. How should you expect the appearance 
of these figures to change with the severity or degree of the orientation? 

13. What is meant by fibering? Limited fibering? Define the term “fiber 
axis.” What is the usual fiber axis for body-centered cubic metals? For face- 
centered cubic metals in wires? 

14. Draw a fiber diagram like Fig. 20-12 or 20-13 for a wire drawn from a body- 
centered cubic metal if [110] is the fiber axis, assuming random orientation in a plane 
perpendicular to the wire. 
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THE MEASUREMENT OF STRESS AND STRAIN BY X-RAY 
DIFFRACTION; DIFFUSE REFLECTIONS 

1 . Introduction. ' On page 449 it was explained that grain distortion 
can cause line broadening and that this distortion is associated with 
strains, designated by the letter e, which may be introduced by such 
processes as cold work. Strains of this type have been called “micro- 
strains” by some workers using x-ray diffraction methods. Microstrains 
may be defined as strains that vary widely and erratically in magnitude 
and direction between neighboring grains, or within the individual grains, 
in a crystalline solid. They occur when the elastic limit or yield point 
is exceeded, as in cold working. On the other hand, the strains resulting 
from the elastic distortion of a solid, such as a spring, when the elastic 
limit is not exceeded, may be called “macrostrains.” Such distortion 
affects the crystals in such a way that the strains introduced vary from 
crystal to crystal and from point to point within each crystal in a sys- 
tematic manner. 

Interest in experimental methods of measuring the strains and stresses 
in all types of structural members, such as aircraft wing spars, pistons, 
cylinder blocks, bridge girders, steam boilers, and railroad rails, has been 
gathering momentum in recent years, as is indicated by numerous con- 
ferences and symposia on this subject.^ Such strains ai*e measured by 
wire strain gauges, by photoelastic methods, and by other methods.^ 
The fact that x-ray diffraction is capable of measuring strains in the 
surface layers of any solid crystalline object having such a grain size 
(in the surface layers) that it will yield sharp rings or lines (about 2 X 10“^ 
to 10“^ mm. grain size) was pointed out by Sachs and Weerts’^ in 1930. 

In some respects, x-ray diffraction is inferior to the <)thcr methods; 
in others, superior. Its most important advantages, perhaps, are that 
(1) it can measure the strain without any necessity for comijaring the 
strained specimen with a supposedly unstrained specimen and (2) it (^an 

^ See “Experimental Stress Analysis,” Proceedings of the Society for lOxpori- 
mental Stress Analysis, vols. 1 and 2, Addison- Wesley Prc.ss, C’ainl)ridg<^, Mass., 
1943-1944. For a bibliography of articles on stress measuroinont by x-rays, scci 
H. R. Isenburger, Welding /., 23, supplement, p. 571-S, (Novombor, 1944). 

* See, for example, D. M. Nielsen, Electronics, December, 1943, p. 106. 

3 See, for example, J. Applied Phys., 12, 584-625 (1041). 

* O. Sachs and J. Weerts, Z. Physik, 64, 344 (1930). 
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measure the strain at a spot 1 mm. in diameter or less without any 
interpolation or extrapolation obtained from measurements outside that 
spot. Its disadvantages are that it is capable of measuring the macro- 
strain only when microstrains are not unduly severe and over the limited 
grain size range given above. In ferrous specimens, this limits one to 
material having a hardness below 40 Rockwell C, for example. The 
method is slow and requires an experienced operator and rather expensive 
equipment. It is useless for measuring rapidly changing strains, as in 
the parts of an engine while it is operating. 

The strains introduced in a bar when it is stretched, compressed, 
bent, or twisted without exceeding the elastic limit are macrostrains, 
whereas quenching and cold work introduce both macrostrains and micro- 
strains. A process like shot peening also introduces both macrostrains 
associated with the compressive stress set up in the surface layer, bal- 
anced by forces of tension underneath, and microstrains in the surface 
layer, which is stressed beyond the elastic limit by the peening. Bragg’- 
has made instructive soap-bubble models illustrating the distortion of 
the grains by plastic deformation. As a result of the distortion, the 
grains are broken, compressed, stretched, bent, and twisted slightly, and 
the fragments slip along the cleavage planes. 

Both macrostrains and microstrains cause variation in the interplanar 
d spacings in the crystals composing tlio solid. As a typical example, 
steel has a Young’s modulus of the order of 3(),0()(),()()() Ib./in.^ and an 
elastic limit, or yield ])()int, of the or<ler of 30,()0() lb. /in.*, so that one 
should expect variations of the order of 1 part in 1,000 for any given d 
(say duo) in a sample subje<^t to severe stresses, either macro- or micro-. 
The gi-ain fracture resulting from |)lasti(! deformation soon reduces the 
grain size below 1()“* mm., so that a continuous ring pattern is obtained. 
The variation in d. spacing associated with tlu^ mic.rostrain then c,auses 
a broadening of the lines that is difficult to distinguisli from broadening 
due to ultrafine grain, as in(>ntioiKMl in th<‘ prciceding chapter, and it will 
be indep(uid(‘nt of tll(^ direction of the x-ray l)e:am in the sample. The 
broadening follows direcdly from th(‘ Bragg (upiation; slight variations 
of d correspond to slight va.riat.ions in 0 for a given X in a powder sample 
where all possible crystal orientations exist. 

Returning to tlu^ discussion of ordinary macrostrain, one may con- 
sider the case of a steed l)ar I in. scpiarc! and 1 ft. long. When a force of 
20,000 11). is applied t.o it, tending to stretch it, t.he bar becioines more 
than 1 ft. long and less than I in. sejuare. This elongates the grains in a 
direction parallel to tlu^ bar and (causes them to shrink in directions per- 
pendicular to it. This elongat.ion in one direction and shrinkage in 
another appears in the x-ray pattern as a slight shift in the lines or rings 

1 W. T.. liniKS, •/. Sri. Inalrvwrnlit, 19, 148 (11)42'). 
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corresponding to the increase or decrease in the various crystal lattice 
spacings d and depending upon the direction of the primary and diffracted 
x-ray beams in the sample. This dependence of the line shift on the 
beam direction readily distinguishes such line shifts due to strain from 
the otherwise similar line shifts resulting from thermal expansion (which 
increases d uniformly in all directions) or from the shifts caused by change 
in composition, as when the copper lattice in alpha brass is expanded by 
the addition of more zinc in solid solution. The shifts from such com- 
position change are also much larger than the shifts due to strains, 
limited as the latter are to about a 0.1 per cent change in d. The depend- 
ence upon direction enables one to compare the strains in 15 per cent 
zinc brass with the strains in 20 per cent zinc brass without any need for 
knowing the magnitude of the line shift in going from one brass to the 
other. 

To summarize, then, ordinary macrostrains manifest themselves in 
the x-ray pattern as a line shift, whereas microstrains manifest themselves 
as a line broadening which may be difficult to distinguish from the similar 
broadening due to ultrafine grain. In spite of this possible ambiguity 
in some cases, x-ray diffraction yields more information on microstrain 
than any other known method. It is obvious that severe microstrain 
will subtract from the ability of a structural member to withstand the 
macrostresses for which it was designed. When a large casting is heat- 
treated to “relieve stress,” the thermal stresses due to unequal rates of 
cooling in thick and thin portions (which are macrostresses) are relieved, 
but the relief of the microstresses in such an operation may be e<pially 
important. 

2. Why Back-reflection Technique Is Used for Strain Study and 
IVfeasurement. Both the slight line shift due to niacrostrain and the 
slight line broadening due to microstrains are much easier to detect and 
measure in a back-reflection pattern than in a transmission pattern. 
In the first instance, the reason may be seen from the relation 

dd=-^tBXid ( 21 - 1 ) 

which was obtained in the derivation of equation (20-10). Equation 
(21-1) shows that the slight shift dd resulting from a strain dd/d varies 
as tan d, the minus sign indicating merely that d decreases for positi\^e 
strains (tensions) and increases for negative strains (c.ompressions). 
Since tan 6 becomes large as d approaches 90°, the line shift due to small 
changes in d becomes greater, and hence easier to detec^t and measure. 

when e approaches 90°. This occurs only in back-reflection patterns, 
of course. 

The reason why a slight line broadening duo to microst rains is easier 
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to detect by back reflection is also partly explainable from (21-1) wl 
dd/d is regarded as a continuous range of strain and dd the correspond: 
continuous range of 6 causing the broadening. Another reason appe 
upon differentiating Bragg^s equation where d is regarded as a consti 
and X as a variable. 

dK = 2d cos d dd 
d\ 2d ^ 

Equation '(21-2) shows that a doublet, such as copper (l.J 

and 1.543 A.; d\ — 0.006 A.) will be resolved much more readily in 
Bragg reflection from any given set of planes with spacing d for la 
values of B than for small ones because the angular separation dB for j 
given wave-length separation d\ and interplanar spacing d varies as se 
With grains larger than 2 X 10~^ mm. and in the absence of microstri 
the sharp lines in a powder pattern ordinarily have a breadth of 
order of Consequently, the K« doublet is not resolved in transmiss 
patterns where sec B is small and dB in (21-2) is less than -i-® (it should 
remembered that dB is in radians) . When B becomes large enough so t 
sec B equals 5 or 10 or more, however, as in a back-reflection patt< 
then dB becomes a degree or two and the K^i and reflections are se 
rated by an angle larger than the usual line 
breadth, that is, they are resolved. Why 
does this make it easier to detect slight line 
broadening? Obviously, if the usual line 
width is in a doublet separated by 1®, the 
line appears douVde; but if this line breadth 
increases to 1° owing to microstrains or 
extremely fine grains, or both, the doublet 
merges into a single line in the pattern. 

Therefore doublet resolution in a back-reflec- 
tion pattern may be conveniently used as a 
quick and easy index of the presence and 
magnitude of microstrains when f.he grain 
size is known to be above 2 X 10“^* mm. or as 
an index of grain size below 2 X 10“^* mm. 
when microstrains are abscmt. Figure 21-9 illustrates this point. A- 
rate measurement of line broadening with a transmission camera < 
Seemann-Bohlin camera requires the use of a focnising monochroinal 

3. Choice of Radiation. It has been seen that back reflection is 
best technique for measuring strain, and the choice of the proper radia 
now requires consideration. For back reflection, sin B is nearly 1 

^ Foot not p. 398. 





Fiu. 21-1 . — Showin^c 
tho wave Hhoiild 

loHH thiiu for \ 
rofioctioii work. 
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that Bragg’s equation becomes riK = 2d approximately. In Fig. 21-1, 
this means that nX = BC + CD (exactly) — 2d or 2CF (approximately). 
In accordance with usual practice in calculating Bragg reflections, fic- 
titious planes permit one to set n = 1, and on this basis it is seen that 
the selection of the proper radiation involves a choice of X slightly less 
than 2d. 

Table 21-1 


Aluminum 

Face-centbbed Cubic 


Indices 

1 

d 

2d 

I, 

per cent 

(111) 

2.33 

4.66 

100 

(200) 

2.02 

4.04 

40 

(220) 

1.43 

2.86 

30 

(311) 

1.219 

2.438 

30 

(222) 

1.168 

2.336 

7 

(400) 

1.011 

2.022 

2 

(331) 

0.928 

1.856 

4 

(420) 

0.905 

1.810 

4 


Iron 

Body-centered Cubic 


Indices 

d 

2d 

I, 

per cent 

(110) 

2.01 

4.02 

100 

(200) 

1.428 

2.856 

15 

(211) 

1.166 

2.332 

38 

(220) 

1.010 

2.020 

10 

(310) 

0.904 

1.808 

8 

(222) 

0.825 

1.650 

3 

(321) 

0.764 

1.528 

10 


Copper 

Face-centered Cubic 


Indices 

d 

2(1 

per cent 

(111) 

2.08 

4.16 

100 

(200) 

1.81 

3.62 

53 

(220) 

1.277 

2.554 

33 

(311) 

1.089 

2.178 

33 

(222) 

1.043 

2.086 

9 

(400) 

0.905 

1.810 

3 


Zinc 

Hexaconal 


Indices 

d 

2d 

por rout 

(0002) 

2.46 

4 . !)2 

25 

(1010) 

2.30 

4.60 

20 

(1011) 

2.08 

4.16 

100 

(1012) 

1.68 

3.36 

14 

(1013) 

(1120) 

1.33 

2 . 66 

18 

(1122) 

1.169 

2.338 

12 

(2021) 

1.120 

2.240 

8 

(2022) 

1 .040 

2 . 080 

2 

(2023) 

0 . 941 

1.882 

2 

(1015) 

(1124) 

0 . 905 

1.810 

2 


For the sake of discussion, suppose that iron, aluminum, cop])ei', and 
zinc and their alloys are regarded as the most important and the com- 
monest materials in which one usually tries to measure stress. Table 21-1 
lists the d values and corresponding intensities for the most prominent 
reflections from these metals, as given by the Hanawalt-Rinn-Frevel 
tables, together with the indices of the reflections. Table 21-2 lists the 
mean wave length of the K® doublet for the common target elements for 
diffraction work. 
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In the first place, it is evident from these tables that the most promi- 
nent reflections, like (111) for aluminum, have a value of 2d which would 
make X much too great (nearly 5 A.) for practical work. Even iron Ka 
radiation (1.932 A.) is so soft that it is absorbed to a serious degree by 
the air in a large camera. Thus it is seen that, in general, back-reflection ^ 
work requires a soft radiation. The radiation chosen should, however, 
be hard enough to eliminate the need for vacuum cameras for general 
industrial application. Iron Ka is about the softest radiation suitable 
for ordinary cameras; in case of necessity, chromium can be used in 
small precision cameras, although with this radiation it is advisable to 


Table 21-2 


Target 

Atomic 

number 

Mean wave length 
of Ka doublet, A. 

Cr 

24 

2.29 

Fe 

26 

1.932 

C3o 

27 

1.785 

Ni 

28 

1.655 

Cu 

29 

1.54 

Zn 

30 

1.435 

Mo 

42 

0.71 


find some means other than l>la<ik pa})er to prot<K*.t. the film from the light. 
The 2.29-A. Avave length of (‘.hromiuin radiation is seen to he slightly 
less than 2d for the following reflocd.ions : A1 (222); Fe (211); Zii (11.22). 
Its extreme softness is a handicap, howev(M*, as just explained. The 
1.932-A. wave lengt.h t)f iron K« i-adiation is sliglitly less than 2d for 
A1 (400), Cu (222), Fe (220), and Zn (2022), hut the A1 (400) and the 
Zn (2022) reflections ai*e quite faint. Iron radiation is also used some- 
times for the (1015) reflection from magnesium alloys. Considering the 
1.785-A. cobalt K« radiation next, it is seen that this is suitable for the 
(331) and (420) aluminum, the (400) copper, the (310) iron, and the (2023) 
zinc reflections. Since this radiation is hard enough to penetrate a thin 
piece of paper and a hnv inches of air, it is now clear why cobalt is the 
most widely used target matesrial for strain measurement by back reflec- 
tion. The l.()55-A. wave length of ni(;k(d K« radiation has just the wrong 
value to fit any of the 2d values in Table 21-1, although it can be used 
for the 2d — l.()88 A. (331) reflection from cartridge brass, an alpha 
brass for which the lattice (;onstant a = 3.(575 A. Nickel radiation 
might be used for the faint 2d. = 1.714 A. (2131) zinc reflection not listed 
in the Hannawalt-Rinn-Frevel table. The 1.54-A. copper Ka radiation 
fits only the weak iron (222) reflection. Zinc K« at 1.435 A. is suitable 
for the iron (321) reflection, but the low melting point of zinc makes it a 
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poor target material. Beyond zinc, the elements are unsuitable for x-ray 
tube targets until one reaches zirconium (40), columbium (41), and 
molybdenum (42). The K radiations of these elements are all much less 
than 2d for any reflection in Table 21-1. 

, Cobalt K« radiation is so soft that extinction and absorption of 
these rays in an iron or aluminum specimen, for example, will limit 
their penetration to a point at which the resulting back-reflection pattern 
win be characteristic of only the 0.002 or 0.003 in. of metal on the surface 
of the specimen. If a 0.003-in. aluminum foil is laid over a block of 
silver, for example, no trace of the (420) silver reflection will be found 
in the back-reflection pattern with cobalt radiation, although it can be 
seen faintly with 0.002-in. aluminum foil substituted for the 0.003. 
For this reason, the back-reflection pattern is quite sensitive to any 
surface operations such as shot blasting, filing, and grinding. In measur- 
ing stress by back reflection, it must be remembered that line broadening^ 
line shift, and doublet resolution are characteristic of the strains in the 
surface layers of the metal only, to a depth of roughly 0.002 in. 

4. Asterism in Powder Transmission Patterns; Diffuse Reflections. 
Section 2 has given the reasons for using back-reflection tecliniques to 
measure strain. Obviously, strains existing in the interior of a l)<)dy, as 
distinguished from irrelevant surface strains due to shot blasting, etc., 
should be more accurately determinable from transmission patterns, if it 
were not for the unfortunate fact that transmission patterns give no 
quantitative information regarding strain. Numerous attenq^tsi have 
been made to correlate the strains in a sample with the radia,! streaking, 
or ‘ asterism, sometimes observed in transmission patterns. An exaxn- 
ple of asterism is seen in Fig. 21-2, a transmission pattern of a picHHi of 
cold-rolled steel, taken with unfiltered molybdenum radiation. 'This 
asterism is due to the continuous radiation, as may he scicn by tJiking 
transmission patterns of a sample with and without a filter. 

For many years, asterism was regarded as entirely explainable 
on the basis of Bragg’s law, assuming slight bending or warping of the 
crystal lattice planes, associated with strain. Suppose, for example, t hat 
strains in a piece of steel have caused warping of a cei'tain set of planes 
[say (110)] in some of the crystals, and that the maximum warping, or 
wrinkling, is such that in some places the normal to the planes isin(“line<i 
at an angle rj with the normal to the planes when the wrinkling is tlisr(^- 
garded. Now consider the results to be expected when a primary Ix^ain 


iSee, for example, C. S. Barrett, Metals & Alloys, 6, 154 (1934)* N P ( Iohh 
Trans. Am. Soc. Metals, 24, 977 (1936); C. S. Barrett, Phys. Rev., 63,' 1021 (1938)- 
G. L. aark, “Applied X-rays,” 3d ed., p. 512, McGraw-Hill Book Company, Jm- ' 
New Y^k 1940; W. H. Bragg and W. L. Bragg, “The Crystalline State, ”‘p. '202 
George Bell & Sons, Ltd., London, 1933. ‘ 
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of unfiltered x-rays from a molybdenum target, for example, passes 
through a thin specimen of this steel. The characteristic Ka rays will 
be diffracted from those (110) planes which have the proper inclination 
to the beam, and they will produce the usual strong innermost (110) 
ring in the transmission pattern. Since there is no filter, there will also 
be ‘'white'' x-rays (that is, continuous polychromatic radiation) in the 
primary beam. If the x-ray tube is operated at the usual 35 or 40 kv., 
the short-wave-length limit of this white radiation will be about ^ A., 



Fig. 21-2. — Pattern of sheet stool, showinp; astorisin. 


and the high intensities will be in the wave-length range around ^ A. 
(Fig. 3-5), which is shorter than the 0.71 A. K« radiation. Furthermore, 
the continuous range of wave lengths will permit the wrinkles in the 
(110) planes to diffract these rays much as a slightly wrinkled mirror 
reflects a light beam, because the variations in the Bragg angle, which 
range from d — rj to 9 rj, still permit the wrinkled portions to select 
the appropriate wave length from the continuous range present in the 
beam, to fit the Bragg law for duo. Since most of these i-ays are of 
.shorter wave length than th<^ Ka rays, they will be “ reflected", at a 
smaller Bragg angle 6, so that they will strike tlie x-ray Him at points 
inside of the innermost (110) ring. 

Since white rays are refle(5ted from slightly wrinkled plantNs much 
like light from a slightly wrinkled mirror, it is readily seen that the 
diffracted white rays will leave the sample in directions inclined to the 
undiffraete<l ray at angles from 26 — 2t!j to 26 4- 2rj. Since duo for 
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steel is 2 A. and X varies from, say, f to f A. for the strongest part of the 
continuous radiation, crystals having their ( 110 ) planes inclined to the 
primary beam at any angle 6 between 5^ and 9® (sin“i and sin~^ •^) 
will diffract these rays strongly. If the wrinkling is such that 17 has a 
maximum value of 2 °, then a crystal with its (110) planes inclined at 7° 
to the primary beam will diffract white rays at angles ranging from 10 
to 18° {2d — 2»7 to 26 + 27j) with the undiffracted beam, so far as wrin- 
kling in the plane of incidence is concerned. The wrinkling perpendicular 



Fig. 21-3. — Pattern of same steel as in Fig, 21-2, using lower voltage and a filter. Note 

absence of asterisin. 

to the plane of incidence will cause a variation in the azimuth of the 
diffracted rays, the variation being 2r] sin 26 or for small values of 6 
simply 4:7! 6 or about 1 °, it being remembered that 6 must be in radians in 
making the approximation sin 26 = 26. Thus the wrinkling will cau>se 
the diffracted white rays to make spots on the film that are about eight 
times or in general X/6 times {6 in radians) as long in the I’adial direction 
as in the circumferential direction. That is, radial streaks, or asterisin, 
of the type seen in Fig. 21-2 is a result to be expected from random warp- 
ing of the grains, or from microstrain. 

If this conclusion is tentatively accepted, it is clear that the asterisin, 
being due to white radiation, should disappear almost entirely when a 
filter (for example, zirconium, with a molybdenum target) is used. Also, 
it should be accentuated by increasing the tube voltage. If the tube is 
operated at 75 instead of 45 kv., the white radiation may become so 
intense and so hard as to penetrate the filter and produce asterism in 
spite of it. To show the effect of the tube voltage, Figs. 21-2 and 21-3 
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were taken from the same piece of steel, using unfiltered molybdenum 
radiation, but the tube voltage was about 55 kv. in taking Fig. 21-2, as 
contrasted with the usual 35 kv. in taking Fig. 21-3. This change in 
tube voltage is seen to make the difference between the presence and 
absence of asterism. There are other complicating factors. One of 
them is the fact that asterism in a fine-grained pattern having continuous 
rings is not as conspicuous as asterism in a coarse-grained spotty ring 
pattern. Since microstrain is ordinarily induced by processes exceeding 
the elastic limit and reducing the grain size by fragmentation, the 
difficulty arises of comparing asterism in a coarse-grained spotty pattern 
with that in a fine-grained continuous ring pattern. Another complica- 
tion is that asterism varies in an inexplicable way from substance to 
substance, being prominent for NaCl and KCl crystals but not for 
Iceland spar, mica, zinc blende, fluorite, or gypsum, according to Wad- 
lund.^ However, gypsum crystals show strong asterism in the Laue 
patterns obtained by Czochralski ;'■* the same is true of mica in Linnik's* 
patterns. These anomalies were increased when Preston,^ studying 
aluminum alloys, observed that the asterism in his patterns increased 
and decreased with the temperature of the sample. After due study, he 
concluded that the asterism was “connected in some way with the 
temperature of the sample and is not to be ascribed to any mechanical 
strain or imperfection caused by changing the temperatvire.^’^ Thus, 
asterism is now regarded only as a rough qualitative indication of the 
presence of some microstrain in the sam])le. Figure 2()-()A is another 
pattern showing asteiism in a coarse-grained copper sample, and Pig. 
20-14 shows asterism in well-annealed brass, which disappeared as a 
result of deep drawing (Fig. 20-15)! 

These radial streaks were observed in Laue patterns® as early as 1913. 
As a result of recent investigation of some of the anomalies mentioned 
in the preceding paragraph, asterism is now regarded as being associated 
to some e.Ktent with the phenomenon called “diffuse reflection” of x-rays. 
In general, diffuse reflections are any kind of x-ray diffraction maxima 
from crystals that are not governed by the Laue and Bragg equations 
(15-1) to (15-4). Bince this discussion of asterism has brought up the 
general topic- of diffuse reflections, it will be well to summarize the present 
knowledges of this phenomenon before continuing with the discussion of 
s t rai n meas u rem en t . 

1 A. P. 11. Wadlund, Rev., 63, 843 (1938). 

*11. Glockcr, “ Matorialprufiing init Roiit,gon.st.rHlilen,'’ 2d od., p. 297, Vorlago 
von Julius Springor, Berlin, 1936. 

’■* W. Liiinik, Nature, 123, 604 (1929). 

G. D. Preston, Proc. Roy. tSor. {London) A, 172, 116 (1939). 

^ G. D. Preston, Proc. Roy. Soc. {London) A, 179, 2 (1942). 

« W. Friedrich, Phyaik Z., 14, 1082 (1913). 
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With single-crystal samples, diffuse reflections are observed even 
though the primary beam is practically free of any continuous radiation. 
The diffuse reflections give rise to spots on the film that are different 
from the regular Laue spots. The spots increase in intensity with the 
temperature of the crystal. Diffuse reflections are due to two causes? 
according to present theory: (1) incoherent (Compton) scattering in the 
crystal; (2) coherent scattering with due regard to the thermal agitation 
of the atoms, in the form of elastic waves, ^ increasing with the tempera- 
ture (see page 329). Raman and Nilakantan^ appear to believe that (1) 
predominates; Zachariasen,® who has modernized the earlier theories of 
Faxen and Waller,^ appears to believe that (2) predominates. Other 
, . theoretical viewpoints have been presented by Bragg, Preston, Born, and 
Weigle and Smith.® The discussion of this topic reached a climax in a 
Royal Society meeting on Feb. 6, 1941, and fills the first 101 pages of 
volume 179 of the Proceedings. The article by Lonsdale and Smith** 
abounds with photographs. 

6. Microstrains and Line Broadening. Experiments designed- to 
correlate the severity of microstress with the degree of x-ray line broiid- 
ening have been conducted by Niemann and Stephenson, Smith and 
Wood, Smith and Stickley, and Clark, Pish, and Seabury.^ Niemann 
and Stephenson, working with alpha brass, have found that the breadf.h 
changes little with annealing until just before recrystallization, whe’ui it 
exhibits a comparatively sharp decrease. It appears doubtful that tlu^ 
rate of cold working affects the result.® There seems to be no close 
correlation with internal-friction measurements on the same samples.** 
Smith and Wood found that the sharply resolved doublet in the back- 
reflection pattern of mild steel dissolved into a single unresolve<i diffuse’^ 
ring when the stress reached the yield point. Smith and Stickley, uh 

1 See p. 365. A. J. Guiaier, Proc. Phys. Soc. {London), 67, 323 (11)45) 1ms siudii'd 
the relationship between these diffuse reflections and such practical matf.ctrs as f h«‘ 
age hardening of metals. 

2 C. V. Raman and P. Nilakantan, Phys. Rev., 60, 63 (1941): Nalurp, 160, 3(»(> 
(1943). 

3 W. H. Zachariasen, Phys. Rev., 69, 860 (1941); J. H. Hall, Phys. Rev., 61, 158 
(1942). 

4 H. Faxen, Z. Physik, 17, 266 (1923); I, Waller, Z. Physik, 17, 398 (1923). 

® W. H. Bragg, Nature, 148, 112 (1941); G. D. Preston, Nature, 147, 467 (1941) ; 
M. Born, Nature, 147, 674 (1941); J. Weigle and C. S. Smith, Phys. Ret)., 61, 23 (1942).' 

® K. Lonsdale and H. Smith, Proc. Roy. Soc. {London) A, 179 , 8 (1941). 

7 F. Niemann and S. T. Stephenson, Phys. Rev., 62, 330 (1942); S. T.. Smith and 
W. A. Wood, Proc. Roy. Soc. {London) A, 179, 450 (1942); C. S. Smith and 10 10 
Stickley, Phys. Rev., 64, 191 (1943); G. L. Clark, G. Pish, and 11. Seabury, J. A vplied 
PAt/s., 14, 284 (1943). 

* See M. Petersen and C. W. Tucker, Phys. Rev., 63, 385 (1943). 

® C. Zener, H. Clarke, and C. S. Smith, Trans. A.I .M .M .E., 147, 90 (lt)42). 
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already mentioned (page 449), found that the line broadening due to 
cold work in alpha brass and tungsten varied linearly with tan 6 rather 
than X sec 6, indicating that the broadening was due to microstresses 
caused by the cold work, rather than grain-size reduction by fracture. 
They used a Seemann-Bohlin type of camera with a focusing mono- 
chromator (page 398, and footnote 1, page 398). The dependence of the 
broadening upon direction in the case of brass was also noted, due to the 
preferential orientation. The absence of this effect in tungsten is 
explainable by the unique elastic isotropy of tungsten crystals. Clark 
Pish, and Seabury show a series of back-reflection patterns of an alumi- 
num alloy subjected to simple tension stresses of 0, 5,000, 10,000, 15,000 
20,000, 22,500, and 25,000 Ib./in.^ and at fracture. Cobalt K« radiatior 
was used, and the patterns show two rings, the inner probably beinj 
the (420) reflection and the outer the (331) reflection. Both rings ar< 
resolved , into the Kai-K«j doublet by the unstressed metal. Botl 
rings show some spottiness, indicating the presence of some grains large: 
than the nominal 10“^ mm. size at which such spots appear. The line 
broadening gi-adually increases so that it is difficult to distinguisl 
the doublets at 15,000 Ib./in.^ tension. At 20,000 Ib./in.^ tension, th( 
doublets are definitely unresolved. Beyond this, the spots ahead; 
mentioned begin to dissolve, indicating the fracture of these larger grains 
By the time the metal breaks, these spots have disappeared entirely 
This series of patterns shows that microstrains become severe in thi 
alloy when the macrostress reac.hes 20,000 lb. /in. 2 , indicating that som 
plastic deformation evidently begins at about this stress. As it pre 
gresses, grain fracture takes place. It should bo possible to study an' 
measure microstress in the interior of a metal member by cutting 
section from the interior, etching it down at least a hundredth of a: 
inch, and taking a back-reflection pattern. Such a procedure shoul 
not seriously alter the microstrains, although it would of course great! 
alter the macrostrains. 

In order to correlate such patterns with the microstrains in a quant; 
tative way, equation (21-1) may be rearranged thus: 

(hi 

€ = — = - cot B (ie (21-S 

where e is ihe mic.rostrain, or elongation jier unit length, and dB is ha 
the corresponding broadening d<i> where <^ = 20 is the angle between th 
primary beam (after passing thrt)ugh the sample) and the diffracte 
beam. That is, if the diffraction line were perfectly sharp or infin 
tesimally narrow for unstresscMl metal, then AOPOD might represer 
the diffraction line in Fig. 21-4. Then, when microstresses appear, th 
line broadens, as represented by ABPCD in the figure. In such a 
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idealized picture, equation (21-3) shows that the microstrain distribution 
curve for, say, a milHon grains in the sample is obtained by merely 
changing the labels and scales on the coordinates and reversing the curve, 
as shown in Fig. 21-5, since cot $ may be regarded as a constant (taken 
as 0. 1 here) over the small range (of the order of a degree) considered. 
Since intensity Jo in Fig. 21-4 represents the background scattering, this 
point becomes zero on the ordinate scale in Fig. 21-5. The reversal 
of the curve is dictated by the minus sign in equation (21-3), which 
indicates that stretching the grains (positive stress) decreases 6 whereas 
compressing them (negative stress) increases 0, In order to arrive 



at some arbitrary figure or index, i, to indicate the sevtu'ity of the micro- 
strain, one might take half of the half-value width CB of the peak^ in 
Fig. 21-5. Note that this is only one-fourth of the half-value width 
as usually measured, in terms of 4> rather than d. In the figure as 
drawn, the index would be 0.001, that is, 0.1 per cent change in length 
per unit length. It is logical to take half of CB rather than all of it 
because XC represents negative strain « (compi-ession) and XB repre- 
sents positive strain i (tension), so that the average I is half their sum, 
not the whole sum. 

The difficulty with this plan is that the diffraction line for the unstressed 
metal is not infinitesimally narrow. Methods to correct for this (1) 
when the doublet is resolved and (2) when the doublet is unre- 
solved have been suggested by Niemann and Stephenson and Smith 
and Stickley,^ respectively. For details, the reader is referred to their 
papers, but the correction methods will be outlined here. To consider 

^ In this connection, see A. It. Stokes and A. J. C. Wilson, Proc. Phys. Soc., 66, 174 
(1944). 

2F. Niemann and S. T. Stephenson, Phys. Rev., 62, 330 (1942); C. S. Smith and 
E. E. Stickley, Phys. Rev., 64, 191 (1943). 
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case (1) first, use is made of the fact that the Ka, line is twice as intense 
as Kaj (see page 68). The horizontal line AB drawn through the top T 
of the Kag peak (Fig. 21-6) then cuts the Kai peak at C and D, and hence 
CD or EF represents the half-value width without regard for the back- 
ground intensity. This breadth B must be corrected for broadening 
due to the finite width of the collimator slit; this correction may or may 
not be negligible, depending upon circumstances. After making this 



Fig. 21-6. — Niemann and Stephenson 
method of finding basic line breadth when 
Ka doublet is resolved. 



Fig. 21-7. — Smith and Stickley method 
of finding basic lino breadth when 
doublet is not resolved. 


correction, one may take CD/4: cot 6 as tlie microstrain index. To 
consider case (2) next, Smith and Stickley measure 5o ftnd from the 
microphotometer record (Fig. 21-7) and define as 5j = EC = ■>/ 6o5w 
Then Bm is defined as EF, measured in radians. Then B, the breadth 
due to cold work (which is the quantity one wishes to evaluate), is 
found from the relation 


= Bl - Bl - R\^ - B] 


(21-4) 


where Boe is the very slight (ordinarily negligible) correction due to the 
fact that even the K^i line itself is not cpiite monochromatic, Bia is the 
correction due to the presencje of the line in fbe unresolved doublet, 
and Be is the correction for finite slit width. Smith and Sti(ikley use the 
relation 


Biz 



tan $ 


)■ 


(21-5) 


to calculate Bvz. Here AX is the 4-X.U. interval between the two lines 
of the doublet. If the angular slit width is they est.imate that 


Bl = 0A5ozl ( 21 - 0 ) 

for their camera. One must remember that the angular breadth 

A<^> = 2 A0 

of a line is given by its linear width on the film divided by the camera 
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radius for ordinary.: cameras and by the camera diameter for Seemann- 
Bohlin type cameras. 

C. S. Barrett^ has recently discovered a method of photographing’* 
the microstress centers existing within the individual grains of metals of 
moderate or large grain size. A flat plate or sheet of the metal about 
1 cm. square or larger is used. A piece of fine-grained film of the same 
size is laid flat against this specimen. Then one edge of the film is 
raised about 1 mm. and propped in this position, inclined a few degrees 
to the metal surface, and in contact along one edge. 



Fig. 21-8. — Back-reflection pattern of hard steel, taken with cobalt ratliation. 

The ring is the (310) reflection. Note that it is broad and diffu.so, <diariwt<'*riMli<i nf iiard 
specimens. 

A broad beam of parallel characteristic x-rays pai'allcl f.o t-hc* sloping 
edges of the film is then made to strike obliquely upon the m<d.al faeo. 
The diffracted beams from the individual grains cause gray spots on tli<» 
film upon development. 

Upon enlarging the image 50 or 100 diameters, the gray spot.s are 
found to have black dots and markings on them. These ai’<^ suppos<*<llv 
due to the reduced secondary extinction resulting from m<)sai<^ fragnuni- 
tation at local microstress centers in the individual grains (s<‘e S(‘cs 1 (i- 1 5 
and 16-16). 

6, Surface INAacrostrains and Lrine Shift — Introduction. Se<*,ti()ii 1 
included a general outline of this method. It has been us<‘d suc(r(‘ssfullv 
by Frommer and Lloyd, for example, ^ to measure residual st resses in 
forged, machined, and drawn aluminum, due to quenching, tujld work, 

Figure 21-8 shows the back-reflection pattern of a piece of tempeixMl 

1 C. S. Barrett, Metals Tech., 12, Tech. Pub. 1865 (April, 1945). 

*L. Frommer and E, H. Lloyd, J. Inst. Metals, 70, 91 (1944). 
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alloy steel in which the microstresses are so 'severe and the grain size 
so small (a hard, brittle steel) that the back-reflection ring seen is too 
broad for accurate measurement of its diameter. Note that the Ka 
doublet is unresolved. Figure 21-9, on the other hand, shows back- 
reflection patterns taken perpendicularly to the surface of a mild soft-steel 
bar. These patterns were taken with a cassette having sectors as in 
Fig. 18-4, except that the sectors were designed for taking four exposures 
on a single film rather than two. In Fig. 21-9 A, sectors 1 and 3 show 
the patterns of a plain straight strip in. thick. The Bragg reflection 
involved is {310}. Note that the (cobalt) K* doublet is resolved. In 
such patterns, the component only is used for measurement of radii. 

After taking patterns 1 and 3 (Fig. 21-9A), the steel bar was bent 
through about 10° near its center, so that the elastic limit was exceeded at 
the bend. Sector 2 shows the pattern taken on the convex (tension) side 
of the bend. Sector 4 shows the pattern taken on the concave (compres- 
sion) side. The loss of resolution reveals the grain fracture and micro- 
stress resulting from plastic deformation. However, the resolution is still 
sufticiently good to permit one to see and measure the increase in diameter 
of the rings in sector 2 as compared with 1 and 3; the same is true for the 
decrease in diameter in sector 4 compared with 2 and 3. An increase in 
diameter indicates expansion of the lattice normal to the surface and 
hence compressive stresses in the plane of the surface, the relation being 
given by equation (21-18). Thus it is seen that residual compression is 
found on the tension side of the bend and residual tension on the com- 
l)ressi<>n side, a well-known paradox. 

After taking patterns 1 and 3 (Fig. 2l-9i5) from a straight mild-steel 
bar, the bar was shot peened. This strains the surface layer beyond the 
elastic limit and leaves it with a residual compressive stress in its own 
plane. Subsequently, patterns 2 and 4 (Fig. 21-OB) were taken, the 
primary beam being normal to the side of the bar in all four cases. The 
loss of resolution and increase in diameter are (piito noticeable in this 
case. ''Phe magnitude of the latter indicates a compressive macrostress 
of 55,000 Ib./in.'-*, according to ecpiation (21-18). 

In the discussion of Figs. 21-9.4 and 21-97?, the change in the strain 
ac'.companying some artifunally applied change in the stress has been 
considered. By taking back-refiec.tion patterns with the primary beam 
incident along suitably c.hoscm obli<iue directions, however, it is possible 
to measure the magnitude of the stresses at any sui’face point without 
any need for comparing the rtniding wif.h a doul>tful zero reading based 
\ipon metal in which the stress(^s have supposedly been relieved. The 
x-ray method is unique in this respect. The \instrained zero reading is 
obtained by making use of tlie fact that the macrostress at a surface 
must be zero in the direction jjerpendicular to the surface. The pro- 
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Fig. 21-9. — A, back-reflection patterns of mild steel (1) and (3), before bending. 
(2) convex side of bend. (4) concave side of bend. jB, back-reflection patterns of mild 
steel bar, taken perpendicular to side. (1) and (3) before, (2) and (4) after shot peening. 
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cedure is to measure the difference between the strain in some arbitrary 
but known direction A at the surface point O and the strain in some other 
arbitrary direction B at the same point O. Then, it being known 
tjiat the stress at O is zero along the normal to the surface, the magnitude 
of the stress in any specific direction in the plane of the surface can be 
computed. In practice, A may be the direction of the normal, and B a 
direction inclined at an angle between 30 and 45° to the normal. It is 
possible to get the measurements for the two directions A and B from a 
single diffraction pattern, so that one exposure can be made to yield 
the value of the surface stress in any one chosen direction in the surface 
at 0. To determine the stresses in all directions at O, three or four 
exposures are ordinarily required. 

A crystal, in general, has different elastic moduli in different direc- 
tions, tungsten crystals being the only known exception. For a cubic 
crystal, the value of Young^s modulus E in any arbitrary direction having 
direction cosines yi, 72 , and 73 with respect to the crystallographic axes 
A , B, and C is given by 

I + 7 I 7 I -H 7|7f) (21-7) 

where A and B are constants. However, a crystal that is only one of 
several billion cemented at random into a solid rigid mass, such as a 
bolt or a nut, is constrained to expand and contract, stretch and shrink 
in the isotropic manner characteristic of tlie metal, rather than as i 1 
would if it were a solitary crystal lying on a tal)le top. At least, this h 
assumed in strain measurement by x-ray diffraction, and the fact thal 
the x-ray method yields stress and strain values agreeing with those 
measured by other methods indicates that this assumption is safe. 

The theory of macrostress measurement by line shift involves the 
use of appropriate “working equations," such as ( 21 - 20 ) and (21-28) 
which are derived in the next section. It is ciuito unsatisfactory merely 
to write down these equations and take them for granted, for thei: 
meaning and proper application cannot bo adeciuately understooc 
without some knowledge of the theory of elasticity on which they ar< 
based. For further details, the reader is r<if erred to the various paper, 
published on the subject as this method of strain measurement ha 
developed. ' 

1 G. Sachs and J. Weerts, Z. Phijstk, 64, 344 (1930); A. 10. van Arkcl and W. G 
Burners, Z. Metallkunde, 23, 149 (1931); F. Wevor and H. MiVllcr, N aturwissen 
schafir.n, 22, 401 (1934); li. Glockor and K. Osswald, Z. lech. Physik, 16, 237 (1935) 
F. Gisen, R. Glockcr, and E. Osswald, Z. tech. Physik, 17, 145 (1936); C. S. Barret 
and M. Gonsamcr, Physics, 7, 1 (1936); R. Glockor, Arch. tech. Messen, 69, T3' 
(March, 1937); D. E. Thomas, J. Sci. Jnslruments, 18, 135 (1941); G. Kemmnits 
Z, Physik, 23, 77 (1942); L. Frommor and E. H. Lloyd, J. Inst. Metals, 70, 91 (1944' 
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7. Surface Stress and Line Shift — Theory. For the reason just 
stated, a brief review of some of the basic mathematical groundwork 
of the theory of elasticity will be included at this point. ^ The following 
notation will be used: 


€ = linear strain 

€* = linear strain at origin in X direction, etc. 

S ~ linear stress 

Sx = linear stress at origin in X direction, etc. 

T = shear stress 

Tx = shear stress at origin across YZ plane, etc. 

E — Young’s modulus 
V = Poisson’s ratio 

h = direction cosine of new X axis with respect to <jld X axis 
= direction cosine of new X axis with respect to old Y axis 
nx = direction cosine of new X axis Avith respect to old Z axis 

h = direction cosine of new Y axis with respect to ohi A" axis 

m 2 = direction cosine of new Y axis with respect to old axis 

712 — direction cosine of new Y axis with respect to old Z axis 

Iz = direction cosine of new Z axis with respect to old A"" axis 
mz = direction cosine of new Z axis with respect to old Y axis 

nz = direction cosine of new Z axis with respect to old jiT axis 

In the case of pure tension, as when the ends of a l-in.-scjuaro hiir 
1 ft. long are subjected to uniform longitudinal tension not exc^eeding 
the elastic limit, the bar stretches shghtly, becoming more than 1 ft. long 
and less than 1 in. square. If the X axis is taken as the axis of t he bar, 
the lateral contraction accompanying the stretch is given by 


— €* = — V 


1 


( 21 - 8 ) 

Poisson’s ratio, v, is a constant having a value of about 0.3 for steel luit 
clo^r to 0.25 for some other materials. To pass from tliis simpl.. ease 
to the more general one of several applied forces in variou.s dinu-t.ioiis 
the theory yields the following equations: ' 


-f- s;)] 

^ v(.Sx + 

~ E ~ + ^y)] 


( 21 -<)) 


of E^ticitv >■ MoOmw-TTni Book 

Green and Company, New' York’ 1924- 

Elasticity.” 3d e"d., ckmbridgetm"iVp::s,l^„2^^ Theory of 
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Elementary algebraic rearrangement changes these to the following form : 


= SM + v) - 

Eey = ► 

Ecz = ^ 82(1 H~ J') — j 
where S — Sx + Sy + Sz 


( 21 - 10 ) 

( 21 - 11 ) 


Here the axes may be any orthogonal axes in an isotropic solid, the stresses 
being measured at the origin O. In general, shear stresses Tx, Ty, and 
Tz will also be present at O. 

If a new set of orthogonal coordinates OX', OY', and OZ' are selected 
with the same origin O but a different orientation, then the linear stresses 
at O with respect to the new axes are given by 

S'^ = llSx + + nf,S2 + 2.mxn^Tx + 2mLiTy + 2hm^Tz ] 

Sy — l^Sx + X + ‘In^YTy + ‘ZL^mfiYT z V (21-12) 

S'z ~ ^s^a: 4" ^1^2/ "h + '2imz7izT X + ^n^lzEy + ^Iz'trizTz j 



At any point O in an elastic isotropic solid, it is always possible to 
find a set of orthogonal Cartesian coordinates X, Y , Z defining three 
mutually perpendicular planes XOY, _ 

YOZ, and XOZ, across which the 
shear stresses vanish. That is, the 
resultant stresses acting across these 
planes at O are perpendicular to the 
planes. The stresses and strains at 
O in the X, Y, and Z directions ar(‘ 
thus piu'ely linear and are called the 
princi'pal stresses and strains tit this 
point. OX, O Y, and OZ are likewise 
called the princiiml axes. Tile’s stress 
at a point O is therefore coinphitely 
defined if the directions of the jii'in- 
cipal axes and the magnitudes of the 
three principal stresses Sx, S„, and Sx are given. 

To ajiiiroacsh the prohlein of stress measurement by the shift of 
x-ray diffracstion lines, su])pose A EC in Fig. 21-10 is a solid, O being the 
point, within a few thousandths of an inch of ii.s surface, at which meas- 
urements ar<^ to he made. Sujipose that OX, OY , and OZ are the 
principal axes through O. OZ will he normal to the surface, and 
will be zero, hut the direertions of OX and OY may be unknown when 
experiments are begun. With a l)ack-r<dl<M*.tion x-ray c.amera, the 
spacing d' of some ])lanes, such as (310}, is determined for the direction 
OZ" inclined at a known angle ^ tf> the normal and an unknown azimuth 
to the principal axis OX. If there are no strains at O, this measured 


Ki< 4. 21-10. DiaiJCraiii to aid explana- 
tion of Hurfuc:o wt-roMH inoasviroinont by 
x-ray lino wliift. 
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value of d will be the (310) spacing, say, for the unstrained material. 
If strains are present at 0, the measured spacing will differ from the 
unstrained d value by an amount Ad. Then the strain at O in the direc- 
tion OZ" is defined as Ad/d = 6^.. The unstrained d value is unknown 
but the actual spacing d’ — d -{• Ad can be measured for two or more 

^fferent directions OZ". How are these related to the principal stresses 
Sx, Sy, and S^? 

To answer this question, first use relations (21-12) to find the stress 

at O in the direction OX\ where OX', OY', and OZ are new axes 
through 0 obtained from the original axes OX, OY, OZ by a rotation 
about OZ through the angle Since the original axes were principal 
axes, Tx, Ty, and T* are all zero. Substituting li = cos <f>, mi = sin d> 
and ni = 0 in the first equation (21-12), ' 


^'x = Sx cos^ 4> + Sy sin^ <j> (21-13) 

^ obtained by rotating 

OX ,OY , OZ about OY' through the angle To find the stresses at O 
along these new axes, one applies all three equations (21-12) to transform 
directly from the original principal axes OX, OY, OZ to the set OX" 

(not shown in Fig. 21-10), OY" (identical with OY'), OZ" Here one 
has Tx^ Ty=^Tx=^ 0. 


li = cos <f> sin yf/ 
1% = sin 4> 

Is = sin yj/ cos <[) 

so that 


mi = sin 4> cos ^ 
m 2 = cos 0 
ms ~ sin 0 sin 0 


ni = sin 0 
ns = 0 
ns — cos 0 


— ^x cos^ 0 cos^ ^ Sy sin^ 0 cos^ 0 
~ sin^ 0 -j- cos® 0 

== Sx sin® 0 cos® <j> Sy sin® 0 sin® <j> 


(21-14) 

(21-15) 


from which S'x' + S'/ S'/ = S = Sx + Sy 

The last equation of the group (21-14), combined with (21-13), yields 

AS;' = ;S'sin®0 (21-16) 

From the lasfequation of group (21-10), one has 

Xcg" = Sg'f(l v) — vS 
Substituting (21-15) and (21-16) in this, 

Ecx" = /Sr'(l + v) sin® 0 - p(Sx -h Sy) (21-17) 

This equation IS the key to the question posed at the beginning of the 
paragraph^ By measuring the difference between the values .- for two 
different OZ directions corresponding to two different values of 0 
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and subtracting one from the other, the constant term v{Sx + Sy) is 
eliminated and the absolute value of the strain in the direction OX' can 
be found. 

For the special case ^ == 0, equation (21-17) reduces to 

Eez'f — — v(,Sx ~\r (21-18) 

This equation is the key relation for back-reflection work at normal 
incidence. When the specimen is stretched or bent, for example, the 
change of diameter of the back-reflection rings permits one to calculate 
e*", and hence Sx + from patterns such as those in Fig. 21-9. Such 
tactics yield no information about the directions of the principal stresses 
Sx and Sy, but these are often known from other considerations. 

Figure 21-11 represents a back-reflection camera set up so that the 
primary beam WO passes through the 
film F Sit C and strikes the surface of 
the specimen at O at an angle a (pref- 
erably about 30°) with the normal 
ON to the surface. The diffracted 
rays ORi and OR% strike the film at 
Ri and R^. The former is diffracted 
by a set of planes [(310) planes, for 
example] Pi, the latter by another set 
of planes [(310) planes, say], Po, in 
different crystals with different oi-i- 
entations, perpendicular to OZi anfl 
OZ2, respectively. Since these diret^- 
tions are different, the strains in tlu'; 
two sets of planes will be different, in 
general, so that the Bragg angle for 
ORi will be not quite the same as the Bragg angle for OR 2 . Ilencic 
the complementary angles 971 and 972 in the figure will in general be nearly, 
but not quite, equal. 

It is seen that OZ" in Fig. 21-10 corresponds to OZi in Fig. 21-11 for 
planes Pi and to OZ2 for planes P2. Ncglecffing the small difference 
between 971 and 972 and designating both by v where the angles themselves 
rather than the differemte between tlnun arc involved, one has i/' = a -h 97 
and = O' — 97 for the two sets of planes Pi and P2. Since 97 is the 
complement of the Bragg angle 8, one has 

sin 6 = cos 7] and cos 9 = sin 97 
Applying (21-17) to the two sets of planes Pi and P2, one has 

= aS’^( 1 “h v) sin^ (a — 97) — y{Sx + Sy) 



Fkk 21-11, — To illviHtrate wtrens moaB- 
ui'oinont from a winRlo cainora position. 


(21-19) 
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and 

+ v) sin® (a + 17) - v{S. + 8y) 

Subtracting, 

- ej = ;Sr'(l -[- p)[sin® (a + ,7) - sin® (« - ,7)] (21-20) 

As an exercise in trigonometry, it can be shown that the bracket reduces 
to 4 sin ot cos a. sin rj cos 17 so that 


— 6*,) + 4>S*(1 H- p) sin oi cos a sin 17 cos rj (21-21) 


This difference in strain 



Fia. 21-12. — Showing relation 
between line shift, change in 
Bragg angle, distance D, and 
angle 17. 


— 6*1 manifests itself in the back-reflection 
pattern (Fig. 21-11) by making RiC = Vx 
slightly different from R^C = r^. To re- 
turn to the question posed on page 488, it is 
seen that the two strain values e*, and €*, in- 
volve two d increments Adi and Adz or two 
actual spacings dj and d'^. Therefore we are 
now interested in the difference 

Ad = d' - d'x, 

which is related to the difference €», — €*, as 
follows 

^ ( 21 - 22 ) 


Since Ad is so small compared with d that it can be regarded as an infinitesi- 
mal in differentiating Bragg's law with respect to d, as in equation (21-3), 
one has 

dd 

-^ = €*2 — = — cot 6 de (21-23) 


where dd is the difference between the Bragg angle dz for planes Pz and 
the Bragg angle ^1 for planes Pi in Fig. 21-11. That is, 

dd = 62 — di = Til — 7J2 = —dr]. 

In Fig. 21-11, and Rz are on opposite sides of C. If they are 
imagined on the same side of C, as in Fig. 21-12, it is seen that 


o fj.,. o R 2 M RiRz cos 2?; RxRz , Tx — T% ^ 

2d-n 2de- g ^ cos*’ 2, ^ cos^ 2, 


cos 2r] 

where n = RxC and = RzC in either figure so that 


de = cos® 277 


Substituting (21-24) in (21-23), 


€j82 


ri — ra cos d cos® 277 
2D sin 6 


(21-24) 
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or, from (21-19), 

_ _ sin 7j cos^ 2 i 7 

cos 77 

Substituting (21-25) in (21-21), 

E ~ 2/S®(l + v)2 sin ot cos a cos^ 77 sec® 277 

Of 

or Tx — — AD ^ (1 + v) sec® 277 cos® 77 sin 2q: 


(21-25) 


(21-26) 


This is the working equation adapted to one particular technique of 
surface stress measurement by x-ray 
line shift. For reference, it may be 
called “Thomas's technique A." 

Before discussing it, it will be well 
to derive the working equation 
adapted to Thomas's technique B, 
so that both equations will be avail- 
able for comparison. In the B tech- 
nique, two exposures are made at 
the same point O with different 
known camera inclinations <xx and 
a 2 to the normal ON (Fig. 21-13). 

If 771 and 772 are small angles (of the 
order of 5°, as they usually are) , the 
spacing computed from the ring di- 
ameter UxU'x niay be taken as rep- 
resentative of the (310) (or Fio. To illuMtrato Bti ‘ess measure- 

whatever they may be) planes Px camera poaitionB. 

normal to the primary beam W lO, and the spacing computed from the 
ring diameter as representative of the same set of planes P 2 normal 

to the primary beam W^O. Applying (21-17) to these planes, 

Be,, = >S '(1 v) sin® cx-z — viS^ + B„) 
and Be,, = ^^(1 -f v) sin® ai - v{S^ - 1 - B„) 

Subtracting, 

B(e„ — e„) == >S'(1 -h i')(sin® <*2 — win^ oci) (21-27) 

Substituting (21-25) in (21-27), 

rx — r 2 == 2D ^ (1 + t^) cot ri sec® 277 (sin® «2 — sin® cki) 

lid 

or, if U\ = Uxl^'x =■ ring diameter = *2ri and W 2 = = 2 r 2 , 

Ux — = AD ^ (I -h v) cot 77 sec® 277(Hin® 0:2 — sin® <xi) (21-28) 

li/ 

These two working equations (21-26) and (21-28) are the ones used 
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by Thomas. 1 They yield values for /S' from measurements on patterns 
taken for different values of ^ in Fig. 21-10. Other workers have derived 
and used equations giving the principal stresses Sx and Sy from measure- 
ments on patterns taken for different values of <f>, rather than Among 
these, two equations of the same general character as (21-17) are often 
used, being the variable instead of V'* They are 

+ 6^-9o) = (Sx + ^„)[(1 4- y) sin^ ^ - 2u] (21-29) 

and = (Sx - Sy)(l 4- r) sin^ (21-30) 


It will be noted that, for the special case ^ = 0, equation (21-29) reduces 


to equation (21-18), 


Ee^^o = — (Sx + Sy)y 


(21-18) 


JV 


which was obtained on page 489. The symbols and €,^-.90 of course 
represent the strain at 0 (Fig. 21-10) in a direction OZ” such that 
<^ = 0 and in a second direction OZ” such that = 90°, ^ being the 
same for both directions. The Thomas method is therefore by no moans 
the only approach to the problem, but it is one of the simplest and most 
practical. 

8. Surface Stress and Line Shift — Experimental. For simplicity, the 
surface stress at O in any arbitrary direction OX (Fig. 21-14) will hence- 
forth be designated merely as S rather than /S', as in Sec. 7. This section 

has shown that S may be found from 
equation (21-26) by taking a single pat- 
tern with the primary x-i‘ay beam along 
AO where A is in the plane XON, NO 
being the normal at O. Some improve- 
ment in accuracy can usually bo acliieve<i 
by taking an additional pattern with the 
primary beam along NO and applying 
equation (21-28). In either of theH<‘ 
equations, D must be in the sanu^ unitM 
as ri and or ui and u%. Then the si.r<*s.s 
will be given in the same units as one chooses to use for Young'.s 
modulus E, usually given as pounds per square inch or dynes per sciuare 
centimeter in the tables. Since Poisson’s ratio enters into these eciuu- 
tions added to 1, their accuracy is not seriously affected by uncertaint y 
in the value of v, as between 0.25 and 0.3, for example. 

In the case of the (310) back-reflection ring from ii*on, with eohalt. 
Ka radiation, calculation for the ^ase of a specimen-to-film distanc^e D 
of 5 cm. shows that the ring diameter should be about 34 mm. to give th<‘ 
accepted 2.861-A. value for a. The effects of errors in the measurement, 
of the ring diameter and in setting or measuring D are seen from ’'rablc! 

^ D. E. Thomas, J . Set. Instruments, 18, 135 (1941). 



Fig. 21-14. 


-Simplification of Fig. 
21 - 10 . 
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21-3, which lists the calculated values of d( 3 io) for various values of the 
ring diameter and of D. Inspection of the table shows that a 1-mm 
error in the diameter causes a 0.0007-A. error in d( 3 io), that is, a 0.07 per 
cent error. Likewise, a 1-mm. error in D causes a 0.0005-A. error in 
<^( 310 ), that is, a 0.05 per cent error. In view of the fact that a stress of 
30,000 Ib./in.® causes a strain of the order of 0.1 per cent in steel, it is 
clear that the ring diameter and Z> should both be determined with an 
accuracy of the order of 0.05 mm. or 0.002 in. if one wishes to estimate 
the stresses to the nearest thousand pounds per square inch. Obviously, 
this demands fairly sharp rings in the pattei*n. 


Table 21-3 


Ring diameter, 
mm. 

D = 49 mm. 
dcsio) 

Z> = 50 mm. 
dcaio) 

D — 51 mm. 

<fc3l(» 

33 

0.9046 A. 

0.9041 A. 

0 . 9036 A. 

34 

0.9053 A. 

0.9048 A. 

0 . 9043 A. 

35 

0.9060 A. 

0.9055 A. 

0 . 9050 A. 


• ' The value of D may be determined by coating the surface of the 
.‘^ample with some “standard” material known to be stress-free. This 
material must be chosen so as to give a reference ring or rings on the 
film for direct comparison with the ring or rings from the sample. Stand- 
ard coatings that have been used for this purpose include gold paint, gold 
leaf, silver paint, ^ and tungsten paint. These paints consist of the metal 
(gold, silver, tungsten, etc.) dust or filings in a binder, like shellac. 
Knowing the lattice constant a of the standai*d, the wave length, and 
the diameter of the standar'd ring on the film, one can calculate D. 

Another way to measure D is to provide the c.ollimator and cassette 
assembly with an accurate removable bullet, -shaped template by means 
of which the distance D can be adjusted accurately t,o any pi-edetermined 
value before the exposui*e. ''Lhe template is then removed and the 
exposure made. This method dispenses with the standard paint or 
leaf. It has been desci’ibed in detail by Thomas. 

If ecpiation (21-26) is to ire used and only one exposure taken, the 
camera inclination should be alrout 30° to t,he normal. In this case, th<^ 
ring on the film is not quite cir<;ular, and the stress evaluation depends 
upon measurement of the slight difference I)etween the radii on the lower 
and upper sides. Since the (tenter of tlie ring comes in the hole in the 
film, it is impossible to measure these radii unless a speciial template 

‘ L. Frommer and E. H. Lloyd (footnote, p. 485) use vacuixm-anncaled filings 
from pure cold-rollcd silver, mixed with an adhesive and painted on to give a dry 
coat 0.004 in. thick. 

*D. E. Thomas, J. Sci. Instrwnents, 18, 185 (1941). 
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fitting accurately over the collimator tube is used to make reference 
marks on the film. Such a device is described by Thomas. If this is 
deemed objectionable, the only alternative is to take two patterns, one 
at 30° to the normal (preferably) and one at normal incidence. The 
difference in the ring diameters (not radii) between the two exposures is 
then determined, and equation (21-28) applied. In the former (single- 
exposure) method, it is not admissible to rotate the cassette about the 
collimator axis during the exposure, for this would wash out the very 
effect upon which the measurement depends. However, an oscillation 
or rocking through about 15° can be tolerated. According to Frommer 
and Lloyd, ^ rotation or oscillation of the cassette about the collimator 
aBds is inadvisable if the sample is coarse-grained. Instead, they recom- 
mend oscillation of the specimen so that a (Fig. 21-11 or 21-13) is given 
a slow periodic variation of 2 or 3° on either side of its desired value 
during the exposure. Scanning (page 395) at the same time also helps to 
smooth out the diffraction spots into continuous rings, the diameters or 
radii of which are more accurately measurable. 

Thomas states that he obtains satisfactory patterns from steel in 
5 min. with a front pinhole of 2 mm. diameter, using 20 ma. at 30 kv. 
with a cobalt target. It seems doubtful that such a large pinhole 
would yield rings whose diameter is measurable to 0.05 mm., however. 
Frommer and Lloyd^ use a 0.35-mm. slit and an exposure of 1 or 2 hr. 
Unless one is studying the effects of shot-blasting, filing, etc., it is neces- 
sary to etch away about 0.01 in. of the surface to get rid of such effects 
before photographing the pattern. For aluminum, Frommer and Lloyd ^ 
suggest an etching solution, one part hydrofluoric acid, one hydrochloric 
acid, two nitric acid, and six water, by volume. 

QUESTIONS AND PROBLEMS 

1* Distinguish betwesn microstrain and macrostrain. \yhiGh has the same 
meaning as in the ordinary usage of the word “strain"? How does macrostrain 
revea,! itself in an x-ray diffraction pattern? How does micro.strain reveal itself? 
Is microstrain the only condition that could produce this effect upon the pattern? 
Does this ambiguity mean that x-ray diffraction is inferior to other methods of 
detecting and measuring microstress? 

2. Can any information regarding stress be obtained from simple transmission 
patterns? What is asterism? What causes it? Is it more directly associated with 
the characteristic or the continuous radiation? Is there any relation between aster- 
ism and strain? What are diffuse reflections? 

3 . What type of x-ray diffraction pattern is best suited for the detection and 
measurement of microstress? Why? Answer the same questions for ordinary 
stress. If a Seemann-Bohlin camera is used, what type of primary radiation is to 
be recommended? 

4 . What type of primary radiation is best adapted for general use with back- 
reflection cameras for stress measurement? Why? 

iL. Frommer and E. H. Lloyd, J. Inst. Metals, 70, 91 (1944). 
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6. Can you suggest a reason why Wood did not observe any line broadening in 
cold-worked aluminum (presumably by transmission patterns), whereas broadening 
fairly obvious in the back-reflection patterns of Clark, Pish, and Seabury, from 
aluminum stressed beyond the yield point? 

6. Can macrostress in the interior portion of a metal block be measured by 
x-ray methods? Answer the same question for microstress. In making surface 
measurements of stress by x-ray diffraction, about how thick is the surface layer in 
which the stresses are being measured? 

7. How can the stress be measured in a specimen without having an unstressed 
specimen for comparison? How can the stress be measured in a material like alpha 
brass for which the lattice constant is not accurately known? What is the minimum 
number of back-reflection patterns required- to determine the stress at a given point 
on the surface in one direction only? 

8 . When the K® doublet is resolved in the back-reflection rings, describe a simple 
method of determining the half-value width of the line broadening. Does the half- 
value width refer to a peak in a curve for which 4> is the abscissa or for which 6 is the 
abscissa? If the corrected half-value width is 0.01 radian and if ^ = 85°, what is 
the microstrain index? 

9. Can the stress in the surface layer of any piece of steel be measured approxi- 
mately by x-ray diffraction methods? If not, what are the limitations that render 
the method inapplicable in some cases? 

10. Account for the elastic isotropy of a metal composed of anisotropic crystals. 
What are principal axes? Principal stresses? 

11. A pencil line AP is drawn on a steel plate through a point P. Let NP be the 
normal to the plate at P. A back-reflection camera is so placed that its primary beam 
is in the plane NPA, inclined at 30° to NP, and strikes tlu^ mental at P. The distance 
from P to the plane of the x-ray film is 5.00 cn». Cobalt K„ radiation is used. I'he 
radius of the (310) ring on the lower side is 16.72 mm.; on tlu^ upper sid<\ it is 10.82 mm. 
What is the stress at P in the dir<iction PA? Is it compression or tension? Assume 
Yoxmg’s modidus = 30,000,000 lb. /in.* and Poisson’s ratio = 0.3. 

A7w>. 12,300 lb. /in.* tension. 

12. In the preceding problem, consi<ler the diameter of the (310) ring as 33.54 mm. 
A second exposure is made at the same point at ixormal ineidenct^, the diameter of 
the ring in this pattern being 33.72 mm., and 1) still being 5,00 <mi. What value of 
the stress at P in direction PA does this indicate? Ans. 12,100 lb. /in.* tension. 

13. What is the purpose of the standard paints or foils sometimes used in stress 
measurement by x-ray diffraction? Name some of the materials U8(^d for this pur- 
pose. How can one get along without them? What can be done to improve the 
accmracy of stress measurement wh<m the rings are spotty? 

14. With cobalt K«r radiation incident normally upon the face of a piece of mild 

sheet steel assumed st.ress-fr(H’i, the (310) Ixack-rcflection ring is obtaine<l on a film, 
as in Fig. 21-OA, sectors 1 and 3. Note that the ring is doubU'.. Is the inner com- 
ponent due to Ka, and the outer to Kc,, or vice versa? The specimen-tiO-film distancx^ 
is 5 cm. The diameter of the K„, ring is 3.40 cm. 'Phe sheet of steel is then wrapped 
around a cylindrical sl.ciel bar 4 in. in dianu'ter an<l h<4d in firm conta<d. with it by 
wrapping with wire. A second normal-incidence pattern is then taken. The K* 
doublet is just barely re.s<>lved in the second pattern. What does this indicate al;)out 
the slu^ot steel? 'The diameter of the !<«, ring in the se<*.ond pattern is 3.33 cm. Docs 
this indicate tension or eompre.ssion in the plane of the outer surface of the sheet? 
From the nature of the problem, will this tension or <H)mpr<‘.ssion be longitudinal or 
tangential or both? Cahmlate its value from equation (21-18) if Poisson’s ratio is 
0.3 and Young’s modulus is 29,000,000 lb. /in.* Ans. About 43,000 lb. /in.* 



CHAPTER 22 


X-RAY DIFFRACTION BY AMORPHOUS SOLIDS, LIQUIDS, 

AND GASES 

1. General Siirvey. There has been a great deal of theoretical and 
experimental work in the field of x-ray diffraction by amorphous solids, 
liquids, and gases. ^ As mentioned in Sec. 15-6, the x-rays scattered 
from a monochromatic primary x-ray beam by a perfect crystal at 0® 
absolute temperature theoretically consist of very sharp and intense 
coherent scattering maxima at discrete angles satisfying Bragg’s law, 
the maxima being superposed on a diffuse background of incoherently 
scattered radiation. As the temperature rises, this incoherent diffuse 
background is supplemented by a small amount of diffuse coherent scatter- 
ing proportional to fl — p according to equation (15-18), the Bragg 
maxima becoming somewhat weaker and broader. This diffuse scattering 
sometimes displays secondary maxima called “diffuse reflections.” 
Whether these are due primarily to the coherent or to the incoherent 
component is a matter of some dispute, as mentioned on page 478. One 
consistent feature of this diffuse background is that it falls off to nearly 
zero intensity as the scattering angle <f> approaches zero, for solids. 

“Amorphous” solids, like glass or unstretched rubber, which have 
no extended orderly geometrical arrangement of their atoms, display 
the diffuse background just mentioned, but the Bragg maxima degenerate 
into one or two or sometimes three very broad, ill-defined maxima, which 
might be called “bands” or “diffuse rings.” 

The scattering from liquids is of the same general character as that 
from amorphous solids. In the case of monatomic liquids like mercury, 
the two or three broad maxima just mentioned are due entirely to 
interference effects between neighboring (monatomic) molecules. Theses 
molecules are separated by a distance that is fairly definite and fixed. 
The nearest neighbors surrounding any given molecule also maintain 
the second layer of molecules at a fairly constant distance from the 
chosen central molecule. These distances determine the positions of the 
broad coherent maxima. 

^ For more detailed accounts, see, for example, J. T. Randall, “The Diffraction 
of X-rays and Electrons by Amorphous Solids, Liquids, and Gases,” John Wiloy 
Sons, Inc., New York, 1934; also A. H. Compton and S. K. Allison, “X-rays in 
Theory and Experiment,” pp. 128-199, D. Van Nostrand Company, Inc., Now York, 
1935. 
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With liquids or amorphous solids composed of polyatomic molecules 
whose scattering power is concentrated chiefly near their centers, the 
diffraction patterns from 0 = 0 out to and including the first (principal) 
maximum are likewise determined by interference effects between neigh- 
boring molecules. Beyond the principal maximum, however, the internal 
structure of the molecules is influential and generally preponderant. 

With liquids or amorphous solids composed of polyatomic molecules 
whose scattering power is concentrated more toward the boundary of the 
molecule, even the principal maximum is strongly influenced by the 
internal structure of the molecule, except when the molecules are strongly 
anisotropic. With strongly anisotropic molecules, like the organic long- 
chain compounds, there is some evidence that in liquids the directions of 
the anisotropic axes (chain axes) are correlated over considerable groups 
of molecules, which supposedly have only a transient existence. This 
supposed formation of transient geometric molecular groups in liquids 
of this type has been called “cybotaxis” by Stewart.^ As these long- 
chain molecules become longer (more CH 2 links added with changing 
chemical composition), molecules like CasHeo are able to form crystalline 
solids. 

In the case of molecular gases, like oxygen or nitrogen, there is no 
longer any fairly definite distance between neighboring molecules, as in a 
liquid, but there is still a definite distance between the atoms in the 
molecule. The first fact results in a change in the (^hai-acter of the 
diffuse background scatteilng. Instead of falling off to a low value at 
small scattering angles, it now rises to a maximum as 0 approaches zero. 
The second fact causes the coherent part of the sc.attered radiation to 
still retain a maximum-and-minimum, or luimp-and-valley, character, 
which, however, is usually fairly completely masked l)y the incoherent 
scattering. Nevertheless, it can be detecd.ed if the intensity versus 
angle distribution cnirve is properly analyzed. 

Finally, in the case of monatomic gases like neon, argon, and helium, 
there is no longer any distance even appi-oximately fixed, and both 
the coherent and the incioherent scattering are of a diffuse character, 
approaching maximum intensity at zero angle. Nevertheless, the shaixi 
of the scattering (uirve is still mathematically related to the radii of the 
electron shells in the atoms, and it is a<^tually possible to deduce the 
radii of the electronic shells with considerable accuracy from the diffuse 
x-ray scattering curves. 

2. Experimental. Amorphous solids are mounted in a diffraction 
camera and studied much like ordinary crystalline solids. If they are 
likely to have long molecular spacings, as in long-chain compounds like 


^ O. W. Stewart, H(^). Modern Phys., 2, llt> (1930). 
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parajOSn, it is advisable to use a long-wave-length radiation such as iron 
Ka so as to obtain a Bragg angle 6 that is large enough to measure accu- 
rately, in spite of the large values of d that may be encountered. 

Liquids may be placed in a small 
cell having thin walls of paraffined 
paper or glass. Cylindrical thin- 
walled glass cells are usually rotated 
during the exposure to avoid the 
effects of circumferential variation 
in the thickness of the glass walls. 

Fio. 22-1.— -Method of obtMiung pattern of ^ drop of liquid may be suspended 
a drop of liqmd at grazing incidence. , i 

from the end of a glass rod and its 
pattern obtained at grazing incidence, as shown in Fig. 22-1. Katzoff*^ 
has used a flowing liquid jet maintained by a circulating pump. He also 
recommends a crystal monochromator to reduce diffuse scattering and 
fogging. 





Fig. 22-2. — Apparatus used for measurement of x-ray scattering from gases. A, Barrett; 
B, Hertzog; C, Wollan. {Courtesy of Review of Modern Physice.) 

IVith gases, a considerable modification of the diffraction camera is 
necessary for the x-ray beam to irradiate the much greater volume of the 

1 S. Katzoff, J . Chem. Phys., 2, 841 (1934). 
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sample required to scatter enough rays to make their intensity measur- 
able. Figure 22-2 shows three types of gas x-ray diffraction apparatus. 
The first (A) was used by Barrett^ to study x-ray scattering by monatomic 
gases; the second {B) was used by Herzog, ^ also for monatomic gases; the 
third (C), by Wollan.® Barrett and Wollan used molybdenum radiation 
in conjunction with a zirconium-strontium Ross type of filter, and Herzog 
used copper radiation and a nickel filter. The cylindrical gas chambers 
seen are some 5 or 6 in. in diameter and 4 or 5 in. in height, with metal 
walls strong enough to withstand gas pressures up to 200 Ib./in.^ The 
chamber must of course be provided with windows to permit the entry 
and exit of the x-rays. Wollan found that celluloid 0.7 mm. thick 
would give gastight windows 2 cm. high at this pressure. The heavy black 
lines in Barrett’s gas chamber represent lead partitions. The shaded areas 
in Wollan’s chamber represent solid blocks of sealing wax. It will be 
noted that Wollan used Seller slits. Barrett and Wollan used ionization 
chambers about 12 X 30 cm., filled with methyl bromide, and an elec- 
trode potential of 350 volts, whereas Herzog used photographic recording. 

3. The Scattering of X-rays by Monatomic Gases. Space will permit 
only a bare outline here of the theoretical treatment of this subject. '* 
On the basis of quantum mechanics, it was shown by Wentzel'^ in 1927 
that the x-rays scattered by the various electrons in a single atom should 
consist of coherent and incoherent components. A year later, Raman® 
reached the same conclusion from his calculations based on classical 
theory. 

As already stated [equation (lG-7)], the intensity /« at a distance r 
of the radiation coherently scattered by an electron from a primary 
beam of intensity /o in a direction inclined at an angle </> thereto is 

I. = 0 - 2 -V 4 (1 + <’<>«" <(>) ( 22 - 1 ) 

On the basis of classical electromagnetic theory, the intensity I of the 
rays coherently and incoherently scattered by a group or cloud of Z 
electrons moving independently of each othetr about an atomic, nucleus 
has been calculated by Raman® and (h)mpton’^ as 

/ = + ;?(!- g-)\ (. 22 - 2 ) 

^ C. S. liarroU, Phys. Rev., 32, 22 (1928). 

2CJ. Herzog, Z. Physik, 69, 207 (1931). 

•' K. O. Wollan, J*hys. Rev., 37, 862 (1931). 

For a more dctaiUul account, hoc, for example, A. 11. C’ompton and S. K. Alltson, 
“X-raya in Theory and hixperimont,” pp. 128-199, 1). Van Nostrnml Company, 
Inc., Now York, 1935. 

oQ. Wcmtzcl, Z. Physik., 43, 1, 779 (1927). 

® C. V. lijiman, Indian J. Physicit, 3, 357 (1928). 

’ A. H. (k)mpton, Phys. Rev., 36, 925 (1930). 
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where the term, before the -|- sign represents the coherent scattering 
and the other term is the incoherent scattering, le is given by (22-1), and 
g is given by 

g = u(a) — ^ da (22-3) 

a being the distance from the nucleus to any arbitrary point in the cloud 
and u(a) da the probability that any particular electron will lie between 
a and a -h da. From this it follows that 


and 


u(a) da — 1 

(22-4) 

j 47r . <f} 

A = - sin 2 

(22-5) 


where X is the wave length (measured in the same units in which a is 
measured) of the primary rays and <l> is the angle between the primary 
ray (beyond the cloud) and the scattered ray being measured. Here g 
is a quantity defined by (22-3) and called the electronic-structure 
factor. It is related to the atomic-structure factor /, defined on page 
354, by the equation 

z 

f ^ Yf gn (22-(>) 

n ~ 1 

Or if U{a) da is the number of electrons between a and a + da, so that 


then 


U(a) da = Z (22-7) 




sin ka 
ka 


da 


(22-8) 


More rigorous derivation of the equation corresponding to (22-2) on 
the basis of quantum mechanics^ indicates that a “recoil factor” Ji 
.should be included, so that (22-2) becomes 


where 


/ = Ie[Z^g^ -h RZ{1 - g^)] 


R 


-( 


1 + 


mc\ 


h V* 

vers <t> j 


(22-9) 

(22-10) 


h being the Planck constant, m the mass of an electron, and c the velocity 
of light. This relation (22-9) is based on the assumption that there 
is no special grouping of electrons into K, L, M, etc., shells and that the 

(1926); P. A. M. Dirac, Proc. Roy. Soc. {London) A, 
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electron cloud is spherically symmetrical. When the grouping into 
shells is considered, the relation found by quantum-mechanical analysis’^ 
is 

I = I.[r + R (Z - f, gi)] (22-11) 

where / is the atomic structure factor (22-8). Values of 2gr^ have been 
calculated and tabulated by Heisenberg^ and are listed in Table 22-1. 
Equation (22-11) is also useful for calculating the diffuse scattering 
(between Bragg maxima) for a crystalline solid, except that in this case 
the coherent scattering is /,*(/o — P) instead^ of IrP, where fo and / are 
related as in Sec. 16-14 [equation (16-42); see also Sec. 15-6, equation 
(15-18)]. 

Table 22 - 1 . — Incoherent-soatterinq Function Sflf* 


(6 = X in angstrom units) 
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The error introduced by using the simpler ecpiation (22-9) instead 
of the more rigorous (22-11) is small for atoms of low or high atomic 


1 (}. Wontzol, Z. Physik, 43, 781 (1027). 

2 W. Heiaonborg, Physik Z., 32, 737 (1031); ace also L. Bewilogtia, Physik. Z., 
32, 740 (1031). 

* P. Deb VO, Ann. Physik, 43, 49 (1014). 
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number. The error is larger, but not too serious, for atoms of moderat-e 
atomic number like neon, according to Wollan. ^ 

If one rewrites (22-9) in the form S = Zg^ R{1 - g^) whei-e 
'S' = I/ZIe, one may then solve for g, obtaining 

^ _ lS~- R 

^ yj 'z - R 

1 E. O. Wollan, Phys. Rev., 37, 862; 38, 15 (1931). 


( 22 - 12 ) 
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by means of which experimental values can be calculated for gr from the 
measured values of S and known values of R and Z. Compton has 
shown that Zu(a), the number of electrons per angstrom unit at any 



Fig. 22-4.- — Intensity of x-rays scattered by gases. I, hydrogen. II, helium. Ill, oxygen. 
IV, neon. V, argon. {After Wolla7i; courtesy •of Review of Modern Physics,) 

distance a from the center of the atom, can bo calculated from these 
experimental g values by the equation 

Zu(a) = f kg sin (ak) dk (22-13) 

•w y 0 

where k is defined by (22-5). This integral may be expressed as the 
sum of two integrals, the first with limits from 0 to a\ and the second 
with limits from ai to oo. The integration is then performed gi-aphically 
by means of a planimeter, as described by Ck)mpton and Wollan.^ 

This theoreti<ial analysis makes it possible to plot the I'adial electron 
distribution curves for monatomic gases suc^h as helium, neon, and argon 
(Fig. 22-3) from x-ray scattering data of the type shown in Fig. 22-4, 
obtained by Wollan^ with apparatus of the type represented diagram- 
matically in Fig. 22-20. It is to be noted that the scattering intensity 

^ A. H. Crompton, Pkys. Rev., 36 , 925 (1930); E. O. Wollan, Rev. Modern Phys., 
4 , 243 (1932). 
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approaches a maximum as the scattering angle <i> approaches zero, for 
gases. The fact that the K and L shells are separately resolved for 
neon but not for argon indicates a greater separation between these 
shells in the former gas than in the latter. Such calculations from x-ray 
and electron scattering curves (Chap. 24) have given more informa- 
tion on the dimensions and shape of actual atoms than any other experi- 
mental approach. The velocity distribution of the orbital electrons has 
also been calculated.^ 

Guided by these results, quantum-mechanical theories of the radial 
distribution of electrons in various atoms have been formulated by 
Thomas,® Fermi, ^ and Hartree® (dotted curves. Fig. 22-3) and account 
satisfactorily for the observed x-ray scattering curves. From these 
theories, James and Brindley* have calculated the table of atomic- 
structure factors given on page 356. 

4. The Scattering of X-rays by Polyatomic Gases. The theory of 
x-ray scattering by polyatomic ga^es rests on the foundation laid in a 
paper by Debye’' in 1915, in which he calculated that the coherent 
component of the rays scattered at an angle 4> from the primary beam 
by a molecule consisting of N groups of Z electrons each, separated by 
fixed distances, as measured at a distance r, should be 


where 




N N 

sin Xmn 


2 , 2 . 

m = 0 n =0 


Xr. 


47r . 1 , 

^mn — Snin Sill ^ V 


(22-14) 

(22-15) 


where le is given by (22-1) and is the distance (in the same units in 
which X is measured) from the mih to the nth atom in the molecule. 
The summation is taken with respect to any one atom over all the other 
atoms, including the one singled out, and then the one singled out is in 
turn allowed to be each of the atoms in the molecule. This calculation 
was made before the concept of a structure factor had been introduced. 

In the modem version of the formula, is replaced by ^ \ifmfn- The 

m n 

incoherent-scattering term must also be added, giving for the scattering 
Im by a molecule 

1 E. O. Wollan, Proc. Natl. Acad. Sci., 17, 475 (1931); Phys. Rev., 37, 862, 38, 15 
(1931). 

® W. E. Duncanson and C. A. Coulson, Proc. Phys. Soc. (^London), 67, 190 (1945). 
3 L. H. Thomas, Proc. Cambridge Phil. Soc., 23, 542 (1927). 

■* E. Fermi, Z. Physik, 48, 73 (1928). 

® D. R. Hartree, Proc. Cambridge Phil. Soc., 24, 89, 111 (1928). 

® R. W. James and G, W. Brindley, Phil. Mag., 12, 104 (1931). 

P. Debye, Ann. Physik, 46, 809 (1916); Physik Z., 31, 419 (1930). 
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1 + « t - t 

w»=ln»“l m = l i=l 

where R and g are given by (22-10) and (22-3). This expression was 
obtained by Woo^ by adding the coherent term due to Debye^ to the 
incoherent term calculated by Bewilogua,^ Jauncey/ and Woo.® In 
the case of diatomic molecules, (22-16) reduces to 


)] 


(22-16) 


= 21. [/= (^1 + ^ + R{Z - j (22-17) 

Here the kinship of the coherent-scattering term with Bragg's law can 
be seen by noting that the coherent scattering will be a maximum when 
sin x/x is a maximum. If we let y = sin x/x, 


dy 1 

- cos X 
ax X 


sin X 
x^ 


for a maximum value of y. From this, one has sin x = x cos x or 
X = tan X. It being remembered that x is in radians, the first value of x 
(other than zero) that satisfies this relation is x — 7.72. Hence one 
has, from (22-15), 


or 


Att 
X = 


Smn sin 2 

0.814 X 2.sv,rt sin 2 0 


(22-18) 


Aside from the 0.814 factor, this is Bragg's law. This equation is 
generally known as “Keesom's equation” because he first derived it® 
for application to the problem of x-ray diffraction by liquids. 

Comparing (22-17) with (22-11), one concludes that, for a monatomic 
gas, equation (22-11) indicates that both the coherent and incoherent 
scattering fall off from a maximum to smaller and smaller values with 
increasing 0, as indicated by Fig. 22-4, but that, when the effect of 
neighboring atoms separated by a more or less fixed distance is 
introduced, this has the effect of making the coherent scattering a 
recurrent up-and-down function with maxima and minima, due to the 

SlIX 0 ^ 

introduction of the term 1 + This is the important feature of 

Debye's theory. Although this fluctuating character t>f tlic coherent 

1 Y. H. Woo, Phys. Rev., 41, 21 (1932). 

2 P. Debye, Physik Z., 31, 419 (1930); /Vor. Phyti. Soc. (London), 42, 340 (1930). 

®L. Bewilogua, Physik. Z., 32, 740 (1931). 

*G. E. M. Jauncey, Phys. Rev., 38, 194 (1931). 

6 Y. H. Woo, Pror. Natl. Acad. ScL, 17, 467 (1931). 

8 W. H. Keesom, Physica, 2, 118 (1922), 6, 123 (1924). 
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scattering is not strong enough to make itself apparent in curve III of 
Fig. 22-4, it will be noticed that this curve (being for a diatomic gas) 
does have a distinct dip when compared with curves IV and V. The 
“humps” introduced by Debye’s term can be seen in the data from 
oxygen or nitrogen if the data are plotted in the form of a curve with X 
as ordinate and sin as abscissas, where 

X = i - Z fir’)] (22-19) 

sin cc 

which, from (22-17) is seen to be Debye’s 1 H function. When 

one progresses one more step to the investigation of x-ray scattering by 
liquids, this “ hill-and- valley ” character of the coherent radiation 

becomes evident in the scattering 
curves without any special plotting 
to bring it out. 

By comparing the observed 
x-ray scattering curves for poly- 
atomic gases with those predicted 
by (22-16) and (22-17), the inter- 
atomic distances Sm^i for such cases 
as H— H in hydrogeni-^ (1 A.), 
N — N in nitrogen ^’2’'*-'’ (1.09 A.), 
O — O in oxygen (1.22 A.), 
O — O in carbon dioxide** (2.2 A.), 
and Cl — Cl in carbon tetrachlor- 
ide'*’® (3.11 A.) have been deter- 
0 0.2 ^ mined. Similar methods have 

— 5 [ — shown that cis dichloroethylene^ 

Fig. 22-5. — Scattering curve for mer- (C 2 H 2 CI 2 ) has the chlorine atoniS 
cury . {Gingrich; co urtesy of Rerovew of Modern hydrogen atomS at ad j acent 

Physzcs.) / X 1 I 

corners of a rectangle, whereas trans 

dichloroethylene has them at the diagonally opposite corners. In several 
respects, electron diffraction has advantages over x-ray diffraction for the 
study of gases, as explained in Chap. 24. 

6. The Diffraction of X-rays by Liquids and Amorphous Solids. As 

1 Y. H. Woo, Proc. Natl. Acad. Set., 17, 467, 470 (1031). 

® E. O. Wollan, Proc. Natl. Acad. Sci., 17, 475 (1931). 

® C. S. Barrett, Phys. Rev., 32, 22 (1928); E. O. Wollan, Phys. Rev., 36, 1019 
(1930). 

^ P. Debye, L. Bewilogua, and F. Ehrhardt, Physik. Z., 30, 84 (1929). 

®L. Bewilogua, Physik Z., 32, 265 (1931). 

6 H. Gajewski, Physik. Z., 33, 122 (1932). 

^ P. Debye, Physik Z., 31, 419 (1930); Proc. Phys. Soc. {London), 42, 340 (1930). 
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already mentioned, the hill-and- valley character of the coherent scatter- 
ing becomes apparent in the scattering curves for liquids, as may be 
seen in Fig. 22-5, which is a scatter ing curve for liquid mercury at room 
temperature, plotted by Gingrich^ from the data of Debye and Menke.^ 
Here the intensity of the scattered rays has been plotted simply as a 
function of sin 0/X or sin The incoherent part of the scattering 

is of the same character as that considered in Secs. 3 and 4 for gases. 
The tendency for the coherent scattering to drop off instead of increasing 



22-0. X-ruy cliffriK^tioii put torn of wut cM*. 

as 4 > approaches zero is soon by (comparing Fig. 22-5 with Fig. 22-4. It is 
also seen in Fig. 22-(), a pattern of water at room temi)erature. 

It was mentioned in See. 1 tliat for licpiids and amorphous solids 
having monatomic molecules or polyatomic molecules whose scattering 
power Is concentrated chiefly near the center the position of the principal 
cliff rac.tion peak in a (uirve like Fig. 22-5 is determined l)y interference 
effe(d,s betwe^on neighl)oring molecules. For brevity, such molecules are 
often called simply “sj^lmricaF' molecmlc^s. For licjuids and amorphous 
solids composed of such molecuU^s, it has been found by Ken^som and de 
Smedt’’ and by Kal.z^ that thci angular location 4 > of thc^ priiunpal diffrac- 
tion i3eak is given with accc^ptablc^ acumracy by the Keesom ecpiatioii 


X = 0.814 X 2.S sin i-4> C22-18) 

^ N. S. (JinKrich, It(^. Modern Phi/a., 16, lOU (15)43). 

2 P. Dobyoand H. Monko, Phi/aik Z,, 31, 75)7 (15)30). 

'* W. KtMiHoin and J. de Smodi,, Proe. AniHlcrdani, 26, 118 (15)22), 26, 112 (1923); 
Phyttica, 6 , 125 (15)24 ). 

^J. R. Katz, Z. Physik, 46, 97 (1927). 
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where «»»«, or s for brevity, is the mean distance between any one molecule 
and its nearest neighbors. The preceding section showed how the 
Keesom equation is related to Debye's equation (22-14). When one is 
dealing with a liquid, the same theoretical reasoning is valid, except 
that one applies it, not to an array of atoms in a molecule, but to an 
array of molecules (they may be monatomic) which takes all possibles 
orientations in space, as in a liquid. One may calculate « readily if 
close packing of spherical molecules is assumed, by the equation 

( 22 - 20 .) 



where M is the molecular weight and p the density of the liquid or solid. 
As mentioned in Sec. 1, equation (22-18) becomes inaccui’ate when the 
scattering power of the molecules is not centrally concentrated, and (22- 
20) Ukewise fails for nonspherical molecules. 

A more general theory must be used to deduce from the shape of th<i 
x-ray scattering curve [/(0) versus <^], like Fig. 22-5, the distribution 
about any chosen molecule in a liquid of its neighboring molecuiles, as 
plotted by Gingrich for mercury in Fig. 22-7 from the scattering (nirve 
in Fig. 22-5. The general theory upon which such calculations art^ 
based has been developed by Zernike and Prins.^ The following syni]>oIs 
are defined in their theory. The symbol p{r) designates the ^probability 
that, within the spherical volume element of radius r and thickness dr 
surrounding any one “chosen" molecule in the licpiid, thei-e will l)c^ 
found the center point of another molecule. Thus p(/*) is the moan 
density of molecule centers if a molecule center is located at the origin 
r = 0, and the mean number of molecule centei’s between r and r -f- dr 
is Ajrr^p{r)dr. The average density of molecules throughout tlui li(jui<l 
is arbitrarily taken as 1. Thus p(r) — 1 = po(r) is a fum^tion expr<\ssing 
the local departure from this average density in the vicinity of any 

chosen molecule. As in equation (22-5), let = — sin } <(>. 7{k) is 

X 2 

the intensity of the coherent component of the scattered radiation for 
various values of k. M is the molecular volume of tlie licjuid in <‘ul)i<T 

angstrom units per molecule. P is the polarization factor - ^ 

2 

given by (16-28). f{k) is the atomic-structure factor for a given valu<^ 
of k. C is a constant, and E{h) = I{k)/CPp{k). In t<wms of tl»es(‘ 
symbols, the theory of Zernike and Prins indicates that 


1 F. Zernike and J, A. Prins, Z. Physik, 41, 184 (1927), 66, (U7 (11)29). 


( 22 - 21 ) 
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Space limitations make it impractical to set forth the details of 
application of this theory to various types of liquids. Instead, 
reader is referred to papers by Gingrich^ for its application to the chen: 
elements in the liquid state, by Warren^ for its application to long-cl 
liquids, and by Katzoff'* for its application to water, heptane, dec 
benzene, and cyclohexane and of course to the original papers of Zer: 



Angstroms 


Flu. 22-7. — Radial distribution of ueighborinjji: atoms about any selected atom in 
mercury. R in the figure is equivalent to in the text. {By N ^ S. Oinarich; cour 
Review <}f Modern Physics) 


and Prins alrt^ady cit<Kl, Gingrich oht.aincd Fig. 22-7 from Fig. 
by the use of a hai‘nioni<^ analyzes* and g7*aphi(ial integration w 
planimoter. 

Warren and Katzotf in the papers just toted ct)ncludc that i: 
long-chain hydrocarbon liquitls, about any one long molecule, the nt 
noiglibors are roughly ])arallel but that otherwise thei-e is extc 
disarrangement in tlie licpiid. Thest^ normal hydiocarbon liquit 
yieltl scattering curves having a strong maximum at 4 > — 8.83° 


(<9 = 4.415°), 


as indicated in the series of curves for CV,lIii! to C'lrJIsa shown in Fig 
obtained by Stewart, who uses d as 4> or 2d is used in this bot)k. K 
was able to detect two fiiinter maxinui for normal he]3tane at 
angles stated in S(m^ 1, these are due to the internal structure 

molecule or intramolecular interfeixunre. They (am be e.xplained ( 
basis of a zigzag chain of carbon atoms where the C — C dista: 


* N. S. Gingrich, R<n). Modern Phya., 16, 1)0 (1043). 

* B. K. Warren, Phys. Rt'V., 44, 1)01) (11)33). 

•GS. KatzofT, J. Chem. Phys., 2, 841 (11)34). 

4 (J. W. Stewart, Phys. Rev., 31, 174 (11)28). 
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1.54 A., according to Katzoff, on the basis of the Zernike-Prins theory. 
The main peak at ^ = 4.41® is due to intermolecular interference and 
is characteristic of the closely packed parallel molecules. Application of 



Fia. 22-8. — X-ray scattering curves for Fia. 22-9. — X-ray scattering curves 

normal hydrocarbons, by G. W. Stewart. for fatty acids containing 1 to t 1 carbon 

atoms, by R. M. Morrow. 

The angle 6 indicated in these figures is equivalent to the angle 0 , or 20, as used in this hook. 

{Courtesy of Physical Review.) 

Keesom's equation to this maximum indicates that the lateral spacing s 
between molecules is about 5.7 A. 

The x-ray scattering curves for long-chain polar molecular liquids 
like the lower members of the fatty acid or normal alcohol series show an 
additional “inner” peak at a smaller angle than that of the main 9° 
peak. This inner peak varies in its angular position systematically 
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with the number of carbon atoms in the molecule, as shown in Fig. 22~9 
obtained by Morrow^ for the fatty acids CH 2 O 2 to CiiH2202. Warren 
has applied a sort of “negative Keesom equation’^ to this. If the pola 
COOH group is placed at the origin, the gap at the opposite end of th' 
chain should cause a deficit of scattering matter at a distance roughl; 
equal to the length of the zigzag chain, especially for the longer member 



ii • 

Fio. 22-10. — X-ray pattern of un8trot<*hocl rubber. 

of the series, so that a minimum, value of sin x/x results instead of 
maxiinuin, as in deriving Ktu^som’s etpiation. 'Fhis occurs at x = 4.i 
radians; therefore the nc^gative eejuation is 

X = X 2.S sin ^ <i> (22-2 

from which Warren calculates (4iain lengths agreeing with those calc 
lated from the molecular weight and tlu^ density of the li(juid. The 
curves of Stewart and Morrow in Figs. 22-<S and 22-1) wore obtained 1 
using an ionization charnlxu- to measure the intensity of the x-ray ben 
s(‘.attered at various anghvs by a sample in a thin-walled cylindrical gh 
cell rotated to eliminate wall-thickness variation effecds. 

The theory of .x-ray diffraction in amorphous solids is practica 
identical with that a]i])lying to licpiids. The similarity between t 
appearaiuio of the patterns may be seen by c:om paring Fig. 22-10 i 
unstretched rubl>er, an amorplious solid, witli Fig. 22-0 for water. I 
examples of the apiilication of the Zernike-l’rins theory to the determir 

^ 11. M. Morrow, Phys. Rev., 31, 10 (1928). 

2B. E. Warren, Phys. Rev., 44, 960 (1933). 
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tion of the structure of such commercially important amorphous solids 
as rubber and glass, the reader is referred to papers by Warren, Biscoe, 

Krutter, and Morningstar^ and by 
Zachariasen^ on glass and by Simard 
and Warren® on unstretched rubber. 
Figure 22-11 is a diagram by Zacharia- 
sen^ representing the vitreous silica 
structure characteristic of glass, in two 
dimensions. In visualizing this struc- 
ture in three dimensions one should re- 
member that each Si atom (black dot) 
is tetrahedrally surrounded by four 
equally distant O atoms (white circles), 
instead of the three shown. Each O 
atom is shared between two such tet- 
rahedral groups, as shown. The ran- 
dom nature of the network and the 
lack of regular geometric repetition are 
evident. The x-ray scattering curves 
calculated by Warren on the basis of 
such a structure, by the Zernike-Prins 
method, agree closely with those ob- 
tained experimentally from micropho- 
tometer traces of the diffraction pattern. The pattern was photographed 
with a vacuum camera, using a rock-salt crystal monochromator. 



Fig. 22-12. — Molecular structure of rubber. {By G. L. Simard and B. E. Warren; courfeny 

of the American Chemical Society.) 

Little information is to be obtained in this way from the pattern of 
unstretched rubber, although the scattering curves agree qualitatively 
^ B. E. Warren, Phys. Rev., 46, 657 (1934); B. E. Warren, H. Krutter, and O. 
Morningstar, J. Am. Ceramic Soc., 19, 202 (1936); B. E. Warren and J. Biscoo, J . Am. 
Ceramic Soc., 21, 49 (1938); B. E. Warren, J. Applied Phys., 13, 602 (1942). 

2 W. H. Zachariasen, J . Am. Chem. Soc., 64, 3841 (1932). 

’ G, L. Simard and B. E. Warren, J . Am. Chem. Soc., 68, 507 (1936). For patterns 
of stretched rubber, see Sec. 23-5. 



Fig. 22-11. — Two-dimensional rep- 
resentation of random network of Si04 
tetrahedra in glass. {By W. H. 
Zachariasen; courtesy of the American 
Chemical Society.) 
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with those to be expected from the generally accepted crooked long-chain 
structure of rubber, as represented in Fig. 22-12. 

QUESTIONS AND PROBLEMS 

1. Is the shape of the scattering curve from a monatomic gas related to (a) the 
radii of the electronic shells in the atom, (6) the distance between the atoms in the 
molecule, or (c) the distance between neighboring molecules? Answer the same 
question for a polyatomic gas. For a monatomic liquid. For a polyatomic liquid. 
For an amorphous solid. 

2. Is the angular location of the principal maximum in the x-ray scattering 
curve for a liquid related especially to (a), (6), or (c) in question 1? Answer the same 
question for the minor peaks. 

3. What is implied by the term ‘‘cybotaxis”? How can the x-ray scattering 
curve of a gas be distinguished readily from that of a liquid? This difference is due 
to what physical characteristic of a liquid, not a characteristic of gases? 

4. Why are Soller slits more commonly employed for x-ray diffraction work with 
gases than for solids or liquids? What are the chief modifications of x-ray diffraction 
technique in passing from solids to liquids and then to gases? 

6. Does the intensity of the background scattering increase or decrease with 
scattering angle </>, for gases? For liquids? For solids? 

6. Compare the coherent diffuse scattering of x-rays from a crystalline solid 
with the coherent scattering from a monatomic gas, in terms of the atomic-structure 
factor, 

7. What is the incoherent-scattering function, and how is it related to the elec- 
tronic-structure factor? Does the former decrease with scattering angle more rapidly 
or less rapidly than the atomic-structure factor? 

8. The x-ray sc^attering curves of carbon tetrachlorides vapor exhibits maxima 

at <l> = 3(), 65, and 110°. NegUndhig the seattcii’ing from the carbon as compared 
with the four C\ atoms, which are supposedly at the four corners of a regular tetra- 
hedron, what is the (common ('1 — (^1 distance if copper !<« radiation (X = 1.54 A.) 
is used? Ans. 3.1 A. 

9. In Fig. 22-5 for mercury, the principa,! peak obviously (Xicurs at about 


Using Keesom’s ecpintion, calculate the distancie between neighboring mercury 
atoms. How does your answer cheek with Fig. 22-7? 

10. Assuming that It — 1 in equation (22-11), (lompare the intensity of the 

(mherent and inc.oher(mt components of the x-ray s(^a.ttering from neon at ^ =“35° if 
(u)pper K« radiation is used. An.s. /,.„h = about 13 times /in<,oh- 

11. Name some commercially important amorphous solids. Describe the atomic 
arrangement in glass. 



CHAPTER 23 

ADDITIONAL APPLICATIONS OF X-RAY DIFFRACTION 

The most important applications of x-ray diffraction have already 
been mentioned explicitly or suggested implicitly in the earlier chapters. 
The discussion here is intended to fill in the gaps. This accounts for the 
fact that the emphasis placed on the various topics in the following 
discussion is not in proportion to their commercial importance. For 
example, the sectioning of quartz crystals to make oscillator plates is 
emphasized more than the application of x-ray diffraction to problems 
in the textile industry because the former application involves techniques 
quite different from those previously discussed, whereas the latter does 
not. 

1. The Long-chain Compounds. For continuity with the preceding 
chapter, the results of x-ray studies of the long-chain compounds will be 
summarized first. Miiller has been one of the foremost investigators 
in this field. His determination of the structure of a single crystal of 
C 29 H 60 by the rotation method is an outstanding example of the contri- 
bution of x-ray diffraction to the advancement of organic chemistry. 
The organic chemist’s structural formula for this comp<3imd is 

HHHHHHHHHHHHHHHHHHHHHHHUHHHHH 

H— ir-i’-i' }' I' i' i' - H 

If the molecules have a shape resembling this, one might c.xpecit s<jme 
unusual characteristics in the x-ray reflections from a crystal composed of 
them. This indeed proved to be the case. One unusual ffiaturti was 
the prominence of the (0 0 60) and (0 0 62) reflections, which would not 
appear at all for most crystals, of course. By careful analysis of all 
the data obtained in the patterns, plus knowledge of the density and 
approximate molecular weight of the material, Muller was able to show' 
that the unit cell contains two pairs of molecules (that is, four), the two 
pairs lying end to end, the two molecules in each pair lying sicle by side, 
and the axes of all four being parallel. The carbon atoms in each 
molecular chain were shown to lie in a plane, but not in a straight line. 
Instead, they were arranged in a zigzag line, as indicated schematically 
in Fig. 23-1. The crystal was found to be orthorhombic with latti<*e 

^ A. Muller, Proc. Roy. Soc. (London) A, 120, 437 (1928). 
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constants a = 7.45 A., h = 4.97 A., and c = 77.2 A. The prominence 
of the 60th and 62d order ( 001 ) reflections already mentioned is then 
explained as due to a second-order interference reinforcement from the 
spacing s in Fig. 23-1. Thus this spacing s is found to be about 2.54 A., 



Fig. 23 - 1 .— The zigzag strxicture of the long-chain hydrocarbons. 


since c — 77.2 A. Some kinship with the diamond structure is now 
noticed, since the distance p of closest approach of the carbon atoms in 
diamond (lattice constant a = 3.56 A.) is the distance between the 
atom at 000 and the one at i-H', or 3.56 *%/ or 1.54 A. If this value of 

p is taken in Fig. 23-1, then the angle a is 2 sin“^ which comes out 





ODD EVEN 

Fici. 23-2.' Diagram of long-chain compounds with odd and oven nunibors of (nirboii 
utoins. A. Milller; cour^tcHy of Tim Royal Society.) 

al)oiit 110 “, agreeing (closely with the 109-2° imgle (2 cos"* 's/x) between 
the tetrahedi'al bonds joining the carbon atoms in the diamond lattice. 

In a later papei', Miiller^ investigated othesr solid normal hydro- 
carbons and found that the lengt.h (c dimension) of the unit cell is only 
one molecule length in the even normal hydrocarbons like C 20 TI 42 and 
CisHas, whereas it is two molecule lengths in the odd normal hydrocarbons 
like Ci 9 H 4 (). The reason for this is evident from Muller's diagram repro- 
1 A. MiiUer, Proc. Roy. Soc. {London) A, 124, 317 (1929). 
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duced in Fig. 23-2. It is evident that translation of one of the even mole- 


cules a distance C 2 along its axis is sufficient to reproduce the lattice, 
whereas the distance of repetition Ci for the odd molecule is twice as great 
in proportion. This difference in structure accounts for the difference 
between the physical properties of the odd and even members of the 
normal paraffin series. Figure 23-3 is from a third paper, ^ in which it 
was found that the c spacing varies linearly with the number of carbon 
atoms for the various members of the series as shown, the two lines 
indicating two slightly different structures. In the A modification, the 
molecules are apparently perpendicular to the (001) planes, but in the B 
modification they may be inclined slightly, as indicated in Figs. 23-2 and 
23-4. In fact, some of the compounds 
derived from the normal hydrocarbons, 
such as the solid fatty acids, crystallize 
with a monoclinic structure and are 
known to be so inclined. 




Fio. 23-3. — Plot for normal paraffin 
hydrocarbons showing the relationship of 
the two modifications. {By A. MHUer; 
courtesy of The Royal Society.) 


Fia. 23-4.^ — -The crystal structure 
of some of the solid long-chain hydro- 
carbons. {After Mailer; courtesy of 
The Royal Society.) 


2. The Contributions of X-ray Diffraction to Chemistry. The 

application of x-ray diffraction to chemical analysis has been dis<!u>s.sed in 
Chap. 19. Chapters 16 to 19 and 22 have outlined the methods by 
which the structure of matter in general and crystalline solids in pitr- 
ticular may be deduced by x-ray diffraction. This type of information 
has been accumulated on such a large scale by so many workers tliat 
it has been possible to learn most of the rules nature follows in cementing 
the particles of the universe together. Of course, many of these rules 


1 A. Muller, Proc. Roy. Soc., {London) A, 127, 417 (1930). 
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were discovered independently by chemists from experiments and theories 
not related to x-ray diffraction. Nevertheless, the quantitative data 
supplied by x-ray diffraction regarding the actual distances separating 
the atoms and molecules and their geometrical airangement in various 
types of chemical compounds have constituted an important factor 
in the advances of chemistry in the past quarter century. As a result 
of this correlation, a borderline science known as “crystal chemistry” or 
“chemical crystallography” has come into existence. A few of its 
fundamental principles will be outlined here.^ 

It has already been mentioned in Sec. 18-8 that the chemical elements 
crystallize in a few general types of structure such as face-centered cubic 
and hexagonal close-packed. It has also been mentioned on page 346 
that crystals like NaCl are “ionic,” being composed of Na*'' and Cl“ 
ions, the “binding” forces that hold the structure together being the 
electrostatic attraction between the oppositely charged ions. The 
structure is kept from collapsing by a repulsive force between the ions, 
which increases very abruptly Avhen the ions approach each other to 
within a certain definite distance. Such an ionic crystal is said to be 
held together by ionic bonds or heteropolar bonds. As a consequence of 
this kind of binding, various types of ions pack into the structure as though 
they were spheres of a size depending upon their type. Thus “ionic 
radii” are assigned to various ions, such as Na+ (0.98 A.), K+ (1.33 A.), 
NHt (1.43 A.), Mg+-+- (0.78 A.), Ca+-+ (1.06 A.), Zn++ (0.83 A.), re+++ 
(0.67 A.), A1+++ (0.57 A.), Si++++ (0.39 A.), F" (1.33 A.), Cl- (1.81 A.), 
Br- (1.95 A.), I- (2.20 A.), 0~ (1.32 A.), and S~ (1.74 A.). Therefore, 
in an ionic crystal, one should expect Na+ and Cl” to be sep)arated by a 
distance of about 0.98 -h 1.81, or 2.79 A., as compared with the 2.81 
observed for NaCl, etc. Owing to the non-spherical shape of polyatomic 
ions like CO“ and SO~, the concept of ionic i-adii is not very helpful 
with them. In an ionic crystal like NaCl, the valence electron of each 
(neutral) sodium atom becomes attached to the electronic system of a 
chlorine atom, which would otherwise lack one electron to complete the 
stable (argon-type) configui-ation. Aside from this, however, there is no 
exchange of electrons. Roughly speaking, the atoms merely “come in 
contact”; they do not “merge.” 

Theie is an excihange, or sharing, of electrons, however, Avhen mole- 
cules like IT 2 , (I 2 , N 2 , CO 2 , and CCU are formed. The electronic orbits 
interpenetrate, and the atoms are said to be united by a covalent bond 
or a homopolar bond. Since the atoms partly “merge,” in a sense, the 
concept of atomic radii no longer applies but there are still definite 

^ I'or more detailed accounts, see W. H. Brap;g and W. Ij. lirtiRg, “The Crystalline 
Stiite,” (^hnp. VII, George Bell & Sons, ltd., Ijondon, 1933, or O. L. Clark, “Applied 
X-rays,” 3rd nd., Chap. XVI, McGraw-Hill Book Company, Inc., New York, 1940; 
A. F. Wells, Nature, 156, 350 (1945). 
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interatomic distances, which are found to be nearly the same in related 
compounds,^ as has just been discussed for the long-chain hydrocarbons, 
fatty acids, normal alcohols, and diamond, for example. Different 
kinds of atoms form homopolar compounds in which they are linked 
together by a characteristic number of such bonds. Carbon, for example, 
characteristically links itself to other atoms by means of four such bonds, 
whereas hydrogen forms only one. Hence, in a long-chain compound, a 


structure like H — C — C — C — H is built up, where each short line repre- 
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sents a homopolar bond. There can be double homopolar bonds, as 

H O 


indicated in the formula H — C — C 

/ \ 

H O— H 


for acetic acid, which also 


illustrates that oxygen characteristically forms two homopolar bonds. 
There can also be triple bonds, as in acetylene H~C = C — H. These 
valence bonds are governed by the number of valence electrons in the 
atom, and their attractive force is exerted in certain specific directions 
about the atom, in contrast to electrostatic attraction. Since hydi'ogen 
has only one electron, and that a valence electron, its participation in 
homopolar linkage means that the entire electronic system participates. 
Therefore, hydrogen atoms lose their identity as such when they become 
part of a homopolar molecule, and x-ray diffraction patterns of such 
compounds yield no information about their location. In such a mole- 
cule as normal eicosane, only the straight zigzag character of the carbon 
atoms can be deduced. 

X-ray diffraction has made it possible to establish the typical values 
of the interatomic distances involved in the formation of various types of 
homopolar compounds. This, in turn, helps one to make a “scientific 
guess as to the possible and probable molecular and crystalline struc- 
tures of a substance having a known chemical composition but an 
unknown structure. For example, the C — C distance in diamond^^ is 
1.54 A., and the atoms can be connected by 109^-° zigzag lines. Likewise, 
the single-bond C — C distance for most aliphatic compounds has about 
this same value, and the C atoms in compounds such as cyclohexane 
as well as normal hexane tend to form a zigzag line; that is, the cyclo- 

^ See, for example, J. L. Kavanau, J . Chern. Phys., 12, 467 (1944). 

“ See, for example, D. P. Riley, Nature, 163 , 587 (1944). 



Skc. 2] ADDITIONAL APPLICATIONS OF X-RAY DIFFRACTION 519 


hexane ring has a zigzag pucker, or wrinkle — ^it is not flat. On the other 
hand, the single-bond C — C distance in graphite is 1.42 A., and the atoms 
form fiat regular hexagons. This same C — C distance and fiat hexagonal 
structure persist in aromatic compounds like benzene and hexamethyl- 
benzene. Double bonding brings the C atoms closer together, the usual 
distance being about 1.36 A., and only 1.2 A. separates the triply bonded 
C atoms in acetylene. Incidentally, the demarcation between single 
and double bonds is not always sharp. There is said to be “resonance’* 
between the bonds of -some atoms, ^ which makes it impossible to say 
definitely that the bond is single or double. 

In Sec. 1, the existence of CagHeo crystals having a unit cell containing 
four molecules was mentioned. These molecules are certainly not ionic; 
on the other hand, all their covalent bonds are satisfied within them- 
selves. This being the case, what holds the molecules together as a 
crystal? The answer is “van der Waals binding.” Van der Waals 
bonds are weak attractive forces that aie exerted only between atoms or 
molecules practically in contact with each other. The inert gases 
(argon, neon, krypton, etc.) have no valence electrons and hence are 
subject only to van der Waals binding, which causes them to crystallize 
at extremely low temperatuies only. 

Finally, thei'e are the metals and their alloys. The genei-al descrip- 
tion of these as an assemblage of positive ions, fixed in the case of solids, 
and permeated by a “gas” of free olcc:trons was given in Chapter 2 
(pages 10 to 12). The forces that hold the metallic ions in place and 
the metal together are called “metallic binding,” and the highly charged 
free-electron gas plays an essential role in this binding. Metallic binding, 
like ionic binding, does not limit the number of atoms that can be bound 
to another, nor are the bonds directional. However, metallic) binding 
is exerted betwtjen identical or similar ions in metals and alloys, as 
contrasted with ionic binding between dilTcrent, oppositely charged 
ions. The tendency of the metal ions to pack together like spheres is 
indicated l)y the large number tliat crystallize with face-centered cubic, 
hexagonal close-packed, and body-centered cubic stiructures, and the 
concept of atomic radii is again heli)ful. 'Typical radii are about 1.4 A. 
for aluminum, gold, and silv<vr and 1.25 A. for iron and copper. 

'The t.hree most impoi'tant. tyi)es of binding just described are ionic, 
hornopolar, and metallic. Broadly s])eaking, the study of matter bound 
in those three dil'fei-ent ways (mrresponds, respectively, to inorganic 
chemistry, organic chemistry, and metallurgy. The divisions between 
the threcj types of binding and between the three sciences are not sharp; 
that is, there are elements and (*.om pounds that are difficult to classify 
as definitely “metallic” or “nonmetallic” or definitely “organic” or 

' See, for oxainplo, li. Wurlmrst, 7'ram. Faraday Soc., 40 , 20 (1944). 
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** inorganic/’ Likemse, there are mixed covalent-ionic bonds and 
covalent-metallic bonds. 

3. Metals and Alloys. Bragg has pointed out that the mode of 
crystallization of elements with metallic properties can be correlated in a 
general way with their positions in the periodic table (Appendix, Table 
VII) by dividing them into three groups, as follows: 


A. Alkali and Alkaline-eakth Elements* 


3Li 

llNa 

19K 

37Rb 

55Cs 

4Be 

12Mg 

20Ca 

38Sr 

56Ba 


B. Transition Elements 


21Sc 

22Ti 

23V 

24Cr 

25Mn 

26Fe 


•28Ni 

29Cu 

39Y 

40Zr 

41 Nb 

42M:o 

43Ma 

44Ru 


46Pd 

47 Ag 

57Ija rare 72Hf 
earths 

73Ta 

74W 

i 

75Re 

760s 

H 

78Pt 

79Au 


C. Elements op B Sttbperiods 


30Zn 

(13A1) 

3lGa 

(14Si) 

32Ge 

33As 

34Se 

48Cd 

49In 

50Sn 

51Sb 

52Te 

80Hg 

81T1 

82Pb 

83Bi 

84Po 


Adapted from W. H. Bragg and W. X.- Bragg, “The Crystalline State/’ (1933), by permission of 
George Bell <fe Sons, Ltd., London, and the Macmillan Company, New York, 


The elements in groups A and B tend to form typical metallic bonds 
and crystallize in one of the simple structures for packed spheres; the 
tendency toward homopolar binding, if present, is overcome by a stronger 
tendency toward metallic binding. In group C, however, the tendency 
toward homopolar binding is stronger, so that the atoms of these elements 
show a tendency to link themselves with certain of their neighbors more 
firmly than others. This tendency increases from left to right in the 
Mendelyeev form of the periodic table until nonmetallic elements like 
the halogens, sulfur, and phosphorus are reached, in which the tendency 
toward metallic binding, if present, is overcome by a stronger tendency 
toward homopolar binding. 

The structures of alloys have already been discussed briefly on pages 
435 to 436. Figure 23-5 shows a series of x-ray diffraction patterns 
obtained by Westgren^ for brasses (copper-zinc alloys) of various composi- 
tions. He used a series of three Seemann-Bohlin cameras constructed 
by his coworker G. Phragmen for their extensive studies of various alloys. 
For the low-order (small-0) Bragg reflections, a camera of 86 mm. radius 
was used. For the high-order reflections, a camera of 42 mm. radius was 

* See, for example, A. F. Westgren, Trans. A.I.M.M.E., 93, 13 (1931). 
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used. For the intermediate range, an intermediate 48-mm. camera 
was used. The alloys were prepared by melting pure metals together in 
known proportions in small evacuated quartz or glass tubes; they were 
then reduced to powder by filing or crushing. The resulting microstrains 
would result in broad lines. To secure the desired strain-free equilibrium 
structure, the powder was heated in an evacuated glass tube to the 



Fig. 23-5.-" Powder patterns of coppor-zinc alloys, taken with PhragiiuMi type of 
Boeinann-Bohliii eamera, by A. F. Westgron. (^Courteay of the A nierican Inatitute of Mining 
and M ctall iirgicaL Engineers^) 

recrystallization toinpcraturo for a few iniiiutos or longer until the 
equilibrium .structure at that temx^eraturo was attained. To fix it, the hot 
gla.ss tube wa.s then ciucnc;hed in water. This shattered it, and the 
powdered metal was ciuickly cooled in the water. The powder was then 
dried and stuck to a i)ioce of paper with an adho.sive like Canada balsam. 
This paper was xjre.ssed against the concave cylindrical surface of the 
camera to form the .si3ecirnen. A (;omj>arison sxiecimeii of sodium chloride 
was also mounted so that its pattern would api)car on the same film 
beside that of the alloy for accurate calibration of the spacings. 

In Fig. 23-5, the top pattern is for pure coiDper. The second t)ne 
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is for 63 per cent copper — 37 per cent zinc alpha brass. It is seen that 
the lines in the pattern have merely shifted towards smaller values of B. 
Westgren uses ^ as ^ has been used in this book; it is twice the Bragg 
angle. This shift indicates that the face-centered cubic structure 
of the copper still persists, the cubes merely expanding in size as zinc 
atoms are substituted for copper atoms in the lattice. This has been 
called the alpha structure^’ by Westgi-en; hence the name “ alpha- 
brass. At 41 per cent zinc, however, a new set of lines appears, as 
seen in the third pattern. This indicates that the brass is now a mixture 
of alpha-brass with a new type of material called “beta-brass.'’ At 
47 per cent zinc (fourth pattern), the old alpha-brass lines have dis- 
appeared and only the new beta-brass lines are left, indicating that the 
sample is now pure beta-brass. Analysis of the pattern shows that this 
is a body-centered cubic structure in which the corner atoms are copper 
and the center atoms zinc, or vice versa. Or one could say that the 
structure consists of two simple cubic lattices centering each other, one 
of them holding mainly copper atoms, the other mainly zinc atoms. 
This is what is known as an “intermetallic compound,” with a composi- 
tion corresponding to CuZn, since there are approximately eciual numbers 
of Cu and Zn atoms arranged with a unit-cell configuration like CsC^l 
(cesium chloride): Cs — 000; Cl — The unit cell of CuZn has a 
lattice constant a of 2.945 A. Just as in CsCl, there is no “molecule 
of CuZn” formed. Furthermore, the description of the sti-ucture as 
“two lattices . . . , one holding mainly copper atoms, the other mainly 
zinc atoms” indicates an inexactness which is characteristic? of these 
intermetallic compounds, for the relation of the two groups of ions to the 
free electron gas with which they are mutually saturated is a factor just 
as important as the relation between the two groups of ions. 'Fhere 
is no such inexactness in an ionic compound like CsCl, where the opposite 
charges must be perfectly balanced throughout. 

To return to Fig. 23-5, the fifth pattern for 52 percent zinc shows the 
presence of a new set of lines due to another intermetallic comi)oimd that 
^Vestgren calls y' . By the time 58 per cent zinc is I'eached, the structiu'e 
is entirely y', the beta lines having vanished. This y' structure is a 
slight modification of the next strucUire tc? appear, namely, y, which 
is the equilibrium structure at 60 to 67 per cent zinc. The beta and 
gamma structures observed here for brass are of general interest, for 
numerous other alloys such as copper-aluminum, platinum-zint;, and 
silver-cadmium form the same structures. As already mentioned on 
page 436, they are called “superstructures” or “superlattices” in alloy 
systems. 1 The structure of this gamma type of superlattice has been 

^ For details, see F. O, Nix, J. Applied Phys., 8, 783 (1937). 
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analyzed from x-ray patterns by Bradley and ThewliSj^ using gamma- 
brass. They found that it is a cubic structure with a lattice constant 
a = 8.9 A. The unit cell contains 20 Cu atoms and 32 Zn atoms, the 
formula of the intermetallic compound being CugZns. The space group 
is Figure 23-6(5) shows the structure of the unit cell as Bradley and 
Thewlis determined it. The interatomic distances are about 2.6 A., 
which is about the value for copper or zinc. Gamma Ag-Zn (AgsZng) and 
gamma Au-Zn (AvuZns) have a similar structure. 



(a) (b) 


Fig. 23 - 6 . — (a) The derivation of the structure of jiijainina brass from a simple cube- 
centered arrarigeineiit of atoms. (/>) Structure of gamma l)rass. • Bradley and 

J, Thewiis; courtesy of The Royal Society.) 


Metallurgists refei- to the various (crystal forms existing in an alloy 
system as “phases," and the transformations between the various phases 
are re])resented gi-aphically as a function of tein])eTature an<l composition 
in “phase diagrams." These diagrams ai-e of gi-eat importance in the 
heat-tr(iatment of metals and alloys, inc.luding steels. The chief source 
of information for the plotting of ])hase diagrams consists of x-ray 
diffraction data. 

In general, the term “phase" is asso<iated with gross (changes in 
crystal structure, whereas the hn-in “ siipeiiatti(^o" or “superstructure" 
refers to a highly ordei'ed atomic arrangement in that phase. Foi 
example, the body-(tent<ir<Hl 1 )etii-l )rass structure already discussed is 
one of the phases of tlu^ c,opp(U’-zinc alloy system. When tlu^ atoms arc 
ordered so that all or iKairly all of tlu> cube c.orners are occupied by C\ 
and thes cube (Hmt(M-s by Zn, or vic,(i vtu-sa, ih<m one has a sipxvrlatticc, oi 
superstructure, this type of highly ordercul Ix^ta brass being calh^d 
brass by some authors.” '^i’he fS to (i* triinsformation in lu’ass is therefore 
not a change in phase, being merely a rearrangement of the atoms withoui 
a change in lattice type. 

' A. J. liradU^y {ttul 'l'h(;wlis, Proc. Hoy. Soc. (London) A, 112, 678 (1926). 

'-“For (‘xainplo, F. W. Jones and (t Syk<\s, Proc. Roy. Soc. (London) A, 161, 44( 
(1937). 
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In Fig. 23-5, it is seen that 72 per cent zinc-28 per cent copper is a mix- 
ture of gamma and epsilon brass, while 80 to 86 per cent zinc is epsilon brass? 
with a composition corresponding to CuZns. This epsilon brass has a 
hexagonal structure with a = about 2.75 A. and c = about 4.29 A., the 
axial ratio c/a = 1.56 being nearly the ideal 2 "n/I- = 1.63 characteristic 
of close packing. In progressing toward pure zinc, this axial ratio 
gradually increases as the copper atoms disappear from the lattice until, 
for pure zinc, the hexagonal structure with a c/a ratio 1.86 is attained. 
This departure of zinc from close packing is attributable to its slight 
tendency toward homopolar binding, since it is one of the C group of 
elements listed on page 520. For zinc, a = 2.30 and c = 4.92 A. 

W. Hume-Rothery has discovered the law governing the formation 
of the 52-atom gamma structure just described. This gamma structure 
can be formed only when the ratio of the numbei' of valence electrons 
to the number of atoms present is 21/13. The valence is judged in this 
case from the group to which the element belongs in the periodic table, 
being 1 for Cu, Ag, Au; 2 for Zn, Cd; 3 for Al; 4 for Sn; and zero for 
Fe, Co, Pt, etc. Examples of gamma superstructure and the way in 
which Hume-Rothery’s law applies to them follow: 


Alloy 

Atoms present, A 

Total valciKx^, V' 

V/A 

CuiiZns 

5 + 8 = 13 

5 + ( 8 X 2) = 21 

21/13 

CU9AI4 

9 + 4 = 13 

9 + ( 4X3) = 21 

21/13 

CusiSn 8 

31 + 8 = 39 

31 + ( 8 X 4) = 63 

21 /13 

F G 0^X1 2 1 

5+21 =26 

0 + (21 X 2) = 42 

21/13 

Pt 6Zn2 1 

5 + 21 = 26 

0 + (21 X 2) = 42 

21 /13 


Similar laws apply to the body-centered cubic. Ixd.a sup<M-structure 
described above for beta brass. 


Alloy 

Atoms present, A 

'rotal \'a.lcnc( 5 , V 

V'/4 

Ag(.Id 

1 ” 1 “ 1 = 2 

1 2 = 

:t /2 

CluZn 

1 + 1=2 

1 +2 = 3 

3/2 

(luaAl 

3 + 1 =4 

3 + 3 = 6 

3/2 

ClusSn 

r, 4- 1 = 6 

5 + 4 = 9 

3/2 

FeAl 

1+1=2 

0+3 = 3 

3/2 


In other alloys, a Y / A ratio of 3/2 results in a coini^lci.x (uibic sup(*r- 
structure containing 20 atoms per unit cell, like beta manganese. lOxain- 
ples are as follows: 
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Alloy 

Atoms present, A 

Total valence, V 

V/A 

AgsAl 

3 + 1=4 

3+3=6 

3/2 

CujSi 

5 + 1=6 

5+4=9 

3/2 

CoZri!) 

1+3=4 

0+6 = 6 

3/2 


The hexagomil epsilon superlattice illustrated by epsilon-brass is 
characterized by a V/ A ratio of 7/4. 

The substitutional solid solutions such as alpha brass and the super- 
structures such as CuZn having been described, attention may now be 
turned to interstitial solid solutions and interstitial compounds. When 
carbon (up to 8 per cent of the atoms present) is dissolved in molten 
iron and cooled slowly to room temperature, the resulting material 
consists mostly of body-centered alpha iron with carbon atoms 
distributed more or less uniformly through the interstices between the 
iron atoms, in contrast to the case of alpha-brass, where the zinc atoms 
displace some of the copper atoms and occupy their regular positions in 
the lattice. This solution of carbon (up to 8 per cent) dissolved in 
alpha iron (page 418) is an example of an interstitial solid solution 
(page 435). It is the most important constituent of steel. 

Metals in gi*oup B (transition elements, page 520) form compounds 
with nitrogen, carbon, boron, and hydrogen, which are metallic in 
character. Many of the simpler ones are so-called ^‘interstitial com- 
Ijouiuis.” An exami^le is the commercially inipt)rtant tungsten carbide 
used for high-speed cutting tools. Metals in group A form nonmetallic 
compounds with these elements (for example, calcium carbide). Another 
exam])le of an interstitial (iompound between nitrogen and a group B 
metal is Fe 4 N. This compound is formed in the case-hardening process 
known as “nitriding” stcK>l. The steel, at a temperature of 500 to 
540°(\, is exposed to an atmosphere of ammonia for several hours. 
Some of th(‘ ammonia decom])oses, and the nitrogen combines with the 
iron and also with alloying met.als such as aluminum and chromium, if 


pres<mt in the stcu^l. Odie resulting FcdN has a face-<ont(n*ed cubic; 


stru(4.ure with a latti(;e (;onstant a of about 3.77 A. 


'Tlie ii'on atoms 


o(;cupy the usual ])ositions in a face-centered cul)ic lattice, and the 
iiitrogcm atoms take up a systematic position within it, ixuhaps one at 
the cent<;r of most of the unit cc^lls, for (ixampU;. This elasticity in 
range; of composition again distinguishc;s these; metallic c'.ompounds from 
c;ompc)unds of the ionic or mokicnilar type, d’ho ])resence of the nitrogen 
exj^ands the lattice somewhat. For example;, ordinary body-e;entered 
cubic. ali)ha iron with two atoms per e;ell and a lattie;e constant a = 2.801 
A. has an atomic volume of 2.8()1'V2, or 12 A.Vid.om, whereas the iron 
atoms in the face-centered cubic Fe 4 N lattice with four atoms per cell 
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and a == 3.77 A. have an atomic volume of 3.77V4, or 13.3 A.Vatom. 
Figure 23-7 is a pattern of nitrided steel, the rings marked Fe being 
due to ordinary alpha iron and those marked N to Fe 4 N, which is mixed 
with it in fairly large proportion. 

Another important constituent of steel is the interstitial compound 
FeaC known as “cementite,’’ having an orthorhombic structure with 
four atoms per cell and lattice constants a = 4.518, b = 5.069, and 
c = 6.736 A. In general, steel is a complex mixture of various “aggre- 



Fig. 23-7. — Pattern of nitrided steel. Rings marked “N” are due to FetN. 


gate constituents’’ that the metallurgists have named “ferritt^,” “austem- 
ite,’’ “cementite,” martensite,” “pearlite,” “troostite,” “sorbite,” etc. 
Cementite is orthorhombic FeaC, as already stated. Austenitic is a 
solid solution of carbon in (face- centered cubic) gamma iron’ (for the 
meaning of the terms “alpha,” “beta,” “gamma,” and “delta iron,” see 
page 418). Ferrite is a solid solution of carbon in alplia oi- d(ilta iron. 
Martensite is the product ''of the low-temperature transformat ion of 
austenite and is probably composed of ferrite. It often contains retained 
austenite. Pearlite is the lamellar aggregate of ferrite and cai’bide 
from direct transformation of austenite at temperatures above 50()°(t. 
For further details, the reader may consult an article by Vilella, Gucillidi, 
and Bain. 2 X-ray diffraction methods have been used to determine the 
amount of retained austenite in steel.® 


^ For details, seo N. J. Fetch, Science Ahsii'acts A-46, No. 1340 (1042). 

® J. R. Vilella, G. F. Guellich, and E. C. Bain, Trons. A m. Soc. Melala, 24, 225 
(1936). 

* See F. S. Gardner, M. Cohen, and D. P. Anita, Trans. A.I .M.M.E., 164, 306 
(1943). 
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Bragg^ has proposed a theory of the strength of metals based on 
x-ray diffraction. It relates the elastic limit to the average size of the 
mosaic fragments, or crystallites,” resulting from grain fracture. It is 
indicated that the yield point of a metal can be calculated withoul 
making any assumptions about the way the glide is initiated or travels 



Fig. 23-8.- — Method of obtaining powder pattern from surface of round object- 

in a single crystal. It is known that the forces required to cleave a meta 
crystal are small, but further assumptions regarding them are unnecessary 
The numerous applications of x-ray diffraction to a wide variety 
of metallurgical problems have been implicitly, if not explicitly, pointec 
out ill earlier chapters. One type of transmission pattern that is ver^ 



Fio. 23-9. Po\v<l(M' p.'ilicrii of jounuil, obtairuMl lus in 23-S. 

commonly (^injiloyed ii» iridusf rial work and that, has not rticeived it 
due atf.ention in tlu’^ discussion iluis far is tlui grazing-imadenc.o type o 
pattern. This is us<ful as a nondostriict.ive method of studying thi 
surface textures of any solid (uystiilliiKi objoid. such as a bearing journal 
for (example, as illustratiMl schematic.a.lly in Fig. 23-8. In this way, ont 
can (piiiikly and easily old-ain information regarding grain size, orienta 
tion and (diemii^al (^imposition of tlui surfa(a^ laytu' of such parts, Figun 
23-9 is a pattern of a steel bearing journal obtained by this technique 


' W. T.. Bragg, Nature, 149, 511 (1942). 
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The grain size appears to be about 10~^ mm., and no preferential orienta- 
tion i>.«i revealed in the radial planes. 


Z 

I 



Fig. 23-10. — .Z-section method of cutting piezoelectric quartz oscillator plates. (Koprinted 

by permission of Electronic Industries.) 


X 


4. Orientation of Quartz Crystals in Cutting Piezoelectric Oscillator 

Plates. The heavy demand for spti- 
cial electronic equipment resulting 
from the war has caused an unpr<‘- 
cedented demand for (piartz piezo- 
electric oscillator plates of various 
types. These are sawcul out of 
quartz crystals, but th<^ saw cuts 
must be made to coincide with (uvrtain 
crystallographic planes, siurh as (()()() 1) 
and (1000). Since a large perc^entago 
of the crystalline cpiartz available as 
raw material for this i)urpose is uii- 
faced or only partly faced (that is, 
the external surface does not consist 
of cleavage planes), the problem of 
orienting the crystal to make the de- 
sired saw cuts has assumed considerable commercial importance. This 



Fig. 23-11. — Transverse section of 
quartz crystal showing relation between 
A and B and X and Y axes. (R. Setty; 
reprinted by permission of Electronic 
Industries,) 
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problem is ideal for the application of x-ray diffraction. The Technical 
Staff of the XJ.S. Army Signal Corps has strongly recommended that x-ray 
diffraction equipment be purchased by any manufacturer planning to 
make such oscillator plates; in fact, such equipment is as essential as the 
saw or lapping machine. 



Fus. 23-1 2. -^Goi^;cr-M iiller counter x-rny unit for cryHtuI oricntatioii. Ijoft, goiiionietor. 
njiturnl-fuco oriontut ion tiihio, {(kturiesj/ of North American l*hilipi$ Co., Inc.) 


Figure 23-10 is a diagniin sliowing the ‘‘Z-sectioii method" of cutting 
oscullator ])hites from a cpiartz crystal. The crystal is drawn with its 
external surfa(Hi showing tlu^ various c.leavage plan(^s, hut the actual 
(piartz “boulders" to be cut may show none of tliese planes externally. 
It is seen that .Y and Z i-(^prc\seiit the A and C axes in the notation used 
in this book (CUiap. 14). F is not a (nystallographic axis but the 
[120] zone axis. 4’his is ina(l<^ clearer in Fig. 23-11, which represents a 
sec:tion perpend ic^ular to tlu^ C or Z axis. '^Fhe A" axes, according to the 
piezoel(^(d.ri(r notation, ar<i schvu to repres<mt, thti A and B and the third 
unnamed axis corresponding to the third index in the Miller-Bravais 
flotation. The Y axes, on the other hand, are the [210], [120], [210], 
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etc.j zone axes. Since copper Ka radiation is ordinarily used for this 
work, the Bragg angles 6 — 10°38' and Q = 18° 18' have been indicated 
for the (1010) and (1120) reflections, as shown. These values can 
readily be verified, since the lattice constants of quartz (a = 4.903 A., 
c = 5.393 A.), the copper Ka, wave length (1.54 A.), and equation 
(16-20) are known. 

Figure 23-12 illustrates the Philips equipment designed for this work. 
The copper Kor radiation from the shielded tube in the center passes 
through collimating slits to either of two goniometers, each ^provided 
with, a crystal turntable and swiveling Geiger counter, like a Btagg 
spectometer. The pulses are amplified by vacuum-tube amplifiers 
and read on the meters shown. The angular position of both the crystal 
table and the ionization chambers is read on the scale, which need not 
extend more than about 50 or 60°, for the desired setting can never be 
more than 16° from a {1010} or {1120} plane, as sc^en in Fig. 23-11. 
The correct angular setting of the crystal corresponding to the desired 
Bragg reflection can be determined within 1 min. of arc and 1 min. of 
time from the maximum meter reading corresponding to a Bragg 
reflection. 

In the Z-section method, a slab is cut out parallel to the (0001) 
planes, as shown in Fig. 23-10. The diagram shows a slab then cut 
into “Y-bars” by sawing parallel to (2110) planes. The Y-bar shown 
has again been cut into plates marked BT, apparently by sawing parallel 
to (0111) planes. There are two other common methods, namely, the 
“direct watering method” and the “X-section method.”^ 

6. Rubber; Textiles; Plastics; Dusts. The pattern of unstretched 
rubber has already been mentioned in Chap. 22. Figure 23-13 shows 
a series of patterns of various types of rubber, unstretched and stretched 
to various elongations, obtained by Gehman and Field.- Stretc.liing 
of rubber to several hundred per cent elongation apparently causes the 
long-chain rubber molecules (Fig. 22-12) to straighten out and orient 
themselves nearly parallel to each other in the direction of stretch. The 
resulting structure has a crystalline character and yields an x-ray ]>attcii-n 
resembling that of other crystalline solids. 

Textile fibers have also been studied by x-ray diffraction. Cotton, 
wood, and rayon fibers consist mostly of cellulose. The crystal structure 
of cellulose has been investigated by x-ray diffraction methods by 

I For further details, see W. L. Bond and E. J. Armstrong, HHL System Tech. J 
22, 293 (1943); Electronic Ind., 2, 58 (May, 1943); R. Setty, Electronic Ind., 2, 102 
(December, 1943); J. Sci. Instruments, 20, 80 (1943); S. X. Shore, Commun. Mag., 
October^ December, 1943, January, February, 1944. 

*8. D. Gehman and J. E. Field, J. Applied Phys., 10, 564 (1939), 16, 371 
(1944). 
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Fio. X-ray pattoriiH of : (I) uiiMtrolwihod rul>hor; (2) fr<»z<ni nibhor; (2) sirt^iolual 

rubljer; (4) racked rubber, 2()()() per eeiil. (4oiif;ation, filiii-HpeKri ineti <li.sl,anee 2.4 eni.; 
(5) ijalo crei>e rubber, 250 per cent (tlotiKafiou, room temperatiuro; ((i) pale cropo rubber, 
250 per <!Oiit olouKation, frozen. (^By B. D. (Jchnuin ami F. Field; courtoay of the American 
InsLilute of Physios.) 

l\)lanyi, Mark and Meyer, Gross and Clark, and others.^ It is mono- 
clinic, with lattice constants a = 8.35 A., h = 10.3 A., c = 7.95 A., and 
= 84°. The unit cell (“iontains four CoHioOr. molecular units, which 
1 M. Polanyi, Natnrunssenschaflen, 9, 228 (1921); H. Mark and K. H. Meyer, 
Z. physilc. Chern. B, 2, 115 (1928), 36, 232 (1937); S. T. Gross and G. k. Clark, Z. 
Krist., 99, 357 (1938). For a full discnission, see K. Ott, ''Cellulose and Cellulose 
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Fia. 23-13. — {Continued), (7) pale crepe rubber, 250 per cent. olonKJit.ion, room t(Mnp(>r- 
ature; (8) pale crepe rubber, 250 per cent elongation, frozen; (0) pule <M'<^j)e rublxM', 30 jK'r 
cent elongation, frozen; (10) milled, compounded rubber, 200 ;)cr cent elongation, frozen; 
(11-) vulcanized I'ubber. Cure: 40 minutes at 200°F., 200 per cent (elongation, frozen* 
(12) vulcanized rubber. Cure: 240 minutes at 260°F., 200 per (amt elongation, frozen.’ 
(fi^/ (b. £}. Gehtnan a/nd J . E, Fields couvtesy of the American I nalitutc of l*hysice.) 

are linked together in chains having the structure shown in Fig. 23 - 14 . 
Each of these hexagonal units is called a ‘^cellobioso unit/^ The struc- 
ture of ! NyIon and ot her synthetic fibers has been investigated by Fan- 

Derivatives,” vol. 5 of a series entitled “High Polymers,” pp. 203-285 by W. A. 
Sisson, Interscience Publishers, Inc., New York, 1943. 
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kuchen and Mark, ^ who used miniature cameras so that x-ray patterns 
of a minute part of the fiber could be obtained. 

The preferential orientation in natural^ cellulose fibers (cotton, wood, 
flax, hemp, etc.,) and in synthetic* cellulose fibers (rayon. Cellophane, 
etc.,) has been studied by Sisson, using the method outlined in Sec. 20-4. 
Figure 23-16 is a pattern obtained from ordinary unmercerized cotton 
thread perpendicular to the primary x-ray beam. It shows evident 
preferential orientation, or fibering, as one would expect. The line A A 
shows the direction of the axis of the thread. 


The structures of other textile fibers with a 
protein composition (wool, silk, etc.,) have also 
been studied by x-ray diffraction. They consist 
of polypeptide chains crystallizing in an ortho- 
rhombic or monoclinic lattice. The globular pro- 
teins composing egg albumin, hemoglobin, etc., 
have been studied by Wrinch‘‘ and others and 
found to have a hexagonal ring structure. 

X-ray diffraction also is a useful tool in the 
study of plastics. A recent discussion of this topic 
by Astbury* will be helpful. 

Many industrial ojierations are dusty. ''Fhe 
effects of long-continued breathing of <lust-la<len 
air upon the health of the workmen dep(uids con- 
siderably upon the nature of the dust. Foi’ <^x- 
am|)le, crystalline cpuirtz or silica dust breatbe<l in 
large (iuantiti<\s over a long perioil of time may 
eventually cause a lung dis(?ase called ^‘silicosis,’' 
especially if the dust ])arti<*les are smaller tha,n ().() I 
mm. in size. On the othctr hand, other form.s of 
the com]>()und SiOu, such as amorphous ‘'sili(^a 
gel,” cristobaliti's, and Civen (crystalline sili{ai in sizes 


I 

O 



Fiu. — The 

H t rue*: i 1 1 lO < ) f 1 1 lloHO. 

L. Chirk; '' AjrpLicd 
X-rays / ’ M cCr aw- Hill 
H (} o k (• o rn p a riy , I nc, ^ 
MMO.) 


above 0.01 mm., ai-e (c(>m])arati vc;ly harndc^ss. X-ray diffract ion patterns 


of small dust sami)les (colhcct.ed from tlu^ air ar<c tll(M■(cfor<^ most useful as 


a mcians of defecting and ])reventiiig lu^alth 


hazards from dust.*’’ 


‘ I. Fmikuchctn ji.n<l 11. Mark, ./. Applied Phi/s., 16, 8()t (IIM 1). 

® W. A. Sis.son, /lid. Fti(f. tV/c///., 27, .'>1 (iii<‘lud(^s l»il>liojj;riij)Iiy) ; also 

A pplicdJ^liijt;., 16, (ui7 (11)11). 

» W. A. His.s()n, /V(.y.s-. Chrw., 44, .fSI.'t (11)10). 

“I). M. Wriiich, /Voc. Roi/. Sor. (/.ondon) A, 160, f)!) (11)37); /"/«/. Mag., 31, 177 
0941). 

W. T. Asl.l)ury, C/iriniiilrij A: Iiidiistrif {Loitdon) , (.April 11, 11)15); for a study 
of the structure of polytluMx^, i'. W. Oiinn jiiid O’. ( '. .Ah^oerk, Trans. Faraday 
Sor., 41, 317 (1945). 

” Soc, for (‘xaiiu)lc, ,J. W. Jiallard, TI. !. ()shry, a.n<l 11. IT. Schrenk, L/.jS. Bur. 
Mines, Bull. RI 3.520 (.June, 1910) ; sec atso b. IT. lierkclhnmcr, J. Ind. Ilyg. Toxicol., 
23, 163 (1941). 
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6. Conclusion. By searching the technical literature, a long list of 
problems and substances that have been studied with helpful results by 
x-ray diffraction methods could be set down here. However, such a 
list is not very instructive. Instead, the aim in this book has been to 
show how x-ray methods are applied to various typical problems and 
let the reader judge from these the nature of the numerous other applica- 
tions and whether or not x-ray methods might be applicable to his own 
problems. 



Pig. 23-15. — Pattern of unmercerized cotton thread ptirnll(d to line .t.l. 
QUESTIONS AND PROBLEMS 

1. Is the molecular structure of the alipliatic organic compounds more <dos<*ly 
related to the crystal structure of diamond or grajihitc? Answer the saim^ (|ucstion 
for the aromatic compounds. Clive reasons for your ans\v<M's. Account for the 
presence of an angle of 109 in a zigzag (;arhon chain. 

2. Account for the difference in physical properties l)(dw<M‘n the odd- and tlni 
even-numbered normal hydrocarbons, fatty acifls, et<'. 'I’lu' fad. that tim graph in 
Fig. 23-3 consists of straight lines proves wliat? What, is IIm* significance of fhe 
presence of two linos in this graph? 

3. Without consulting a table, predict the distance Ixdwcsm K ami Hr atoms in 

a KBr crystal. lietwocm Mg and O atoms in MgO. Ih'twcxm Nil,, and ( '1 in N 1 1 '1. 

These compounds illustrate what kind of binding? (livc^ tliree examples of van der 
Waals binding. What kind of binding should you say holds t he atoms (ngcdlier in a 
molocmle of water? What kind of biruling should ytm .suj)pose hohls the wn,f(‘r mole- 
cules together in a snowflake crystal? 

n 11 

4. Without consulting tables, which molecule is longe^r, ethane If d — — H 


H H 
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or acetylene H — CIsC — H? Which molecule is larger, methane H — (!> — H or 

acetylene? Explain how you arrived at your answers. Could you determine the 
distances between the hydrogen atoms in a methane molecule by x-ray diflFraction? 
Explain your answer. 

6. How many single homopolar bonds are usually associated with a carbon atom ? 
An oxygen atom? A hydrogen atom? What is meant by a double bond? A triple 
bond? Resonance between bonds? 

6. What distinguishes metallic binding from the other kinds of binding? Why 
did Phragmen use three different sizes of camera? What kind of cameras were they? 
Why did Westgren heat his powdered alloys to the recrystallization temperature 
and then quench them? 

7 . Give examples of a substitutional solid solution. An interstitial solid solu- 
tion. An intermetallic compound. What distinguishes such compounds from ordi- 
nary chemical compounds like water, for example? A 44 per cent zinc, 56 per cent 
copper brass that has reached its equilibrium state of crystallization has what sort 
of crystal structure? 

8. Describe briefly the alpha, beta, gamma, and epsilon brass structures. Which 
of these are superstructures? What other alloys form a beta superlattice? A gamma 
supcrlattice? What arc the laws governing tlie formation of these two types of 
compound? Whose name is associated with the law, in one case? 

9. How should you describe the crystal structure of a 90 per cent zinc, 10 per 
cent copper alloy? How does it differ from that of a 95 per cent zinc, 5 per (^ent 
copper alloy? How will the x-ray diffraction patU^rn of Hicsti two alloys differ? 

10. What does nitriding do to the surface: lny(U’ of a, {)i(we of steel? How is the 
x-ray dilfracdfon pattern of the surface ljiyc:r affcaded? How should you obtain such 
a, pattern without damaging tln^ surface? 

11. From the lattic^e constants of quartz, a = 4,9 A. and c — 5.4 A., compute 
the d valiKW for the (lOlO) and (1120) planes. I*’rom these and the 1.54-A. wave 
hmgth of copper Ka radiation, verify the valucis of the Hragg angh^s given in Fig. 23-1 1. 

12 . In order to pick up the (1120) reflection, the Cl<‘iger counter slits should 
be set at what angle with respect to the collinjator axis? Sur)pose such a setting has 
heen made and the: setting that gives maximum rmd.tu' rciaxling found, for a slab c\it 
l)erp(mdicular to the 7, or C axis, the slab lying Hat on the e;rystal table. At what 
angle: with the counter slit axis should you draw .a pen<*il line marking the direction 
of the desired saw cut a, long the (1120) planes? 

13 . Why does unstretched rubber give an amorphous tyfie of x-ray pattern and 
stretched rubber a crystalline type? Do any of the |)a,tterns in h^ig. 23-13 reveal 
prehu'cntial orient.a,tion? If so, which ones? 

14 . What type of information might x-ray ditfractirm studicis of t,<‘x1.iles reveal? 
Which clmpt.er in this l)ook do you think w<Md<l be most, helpful to someone confront(‘d 
with a problem involving toxic dusts in the air? 



CHAPTER 24 


ELECTRON DIFFRACTION AND ITS APPLICATIONS 

1. Principal Differences between X-ray Diffraction and Eiectron 
Diffraction It was mentioned in Sec. 4-3 that a homogeneoviK Ixsam oi 
associated with it a train of de Hroglie “phase waves” and 
that Davisson and Germer and Thomson discovered that those waves and 
their associated electrons could be diffiucted by a cry.stal. Since this 
discovery in 1927, the theory and applications of electron diftraction 
have evolved along lines which are quite similar to those which liave 
been outlined for x-ray diffraction in Chaps. 15 to 2.1. Ihe piactical 
potentialities of electron diffraction do not appear to lie greatly inferior 
to those of x-ray diffraction, and the two phenomena are cpiite similar. 
This similarity makes it relatively easy for a ixirson with a reasonable 
knowledge of x-ray diffraction to acquire equal familiarii.y with electron 
diffraction methods. This fact may justify the inclusion of a chapter 

on electron diffraction' in a book on x-rays. 

Although the similarities of x-ray and electron diffract, ion are striking, 
they should not obscure the fact that there are also import ant, ilillermiees. 
To one with a good knowledge of x-ray diffract ion, the similarit ies may be 
less important than the differences of which the iirineipal ones will 
therefore be outlined here. 

a. X-rays penetrating matter are s{*.att(U(‘(l, holh colHMXMitly and 
incoherently^ by the cIgcItoyis in the atoms c.omixKsijig tlui tu»itl(,i . i- 

ference between the coherently scattered rays results in th<i ])h<‘noin(Uia 
of x-ray diffraction. The phase waves ass()(viiit(xl with a, homog('n<M)us 
beam of electrons (electrons moving in tlu^ same dinx-f ion at. tlu^ saim^ 
velocity) are diffracted by the periodic spaca^ vjubition of tlu‘ (‘hx-trie 
potential caused by the atomic lattice struct, ur<‘ witliin a erystu,!. ddie 
nuclei, as well as the electrons, of these atoms i)lay a, roh^ in i)roducing 
this space variation of the electric field, and t.h(‘ir influ(Mic(‘ is t.luMvforc^ 
not greatly inferior to that of the electrons, as it. is in x-rn.y diffraction. 

^ For a much more complete discussion, see (1. It 'I'hotnson and \V. ( 'oeliijuu', 
“Theory and Practice of Electron Diffraction,” Mai'millnn tS:. C'ompany, Md., London, 
1939 ; also symposium, Trans. Faraday Soc., 31 , 1019 11.35 (1935); H. Ileediing, 
“Electron Diffraction,” Methuen & Co., Ltd., London, I9;i(>; C. V. Mf-yer, “Tli<* 
Diffraction of Light, X-rays, and Material Particles,” University of Chicago Press. 

1934 . 
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These periodic potential variations within a crystal have been discussed 
in an article, with bibliography, by Slater^ (see also page 83) . 

b. As a result of the difference just mentioned, the quantity, custom- 
arily designated by jE', which plays a role in electron diffraction equivalent 
to that of the atomic-structure factor /in x-ray diffraction is not identical 
with /. Instead, Mott^ has shown that is related to / by the equation 


IOtt^ (sin 0/X)^ 


(24-1) 


where Z is the atomic number of the atom, 0 is the Bragg angle or half 
the scattering angle 0, and X is the wave length of the phase waves. 



24-1.' - Tho /tf, analogous to atoiiiicr Htru<ttur(’^ factor/, in c^loctron difTruction, 

for oxy^^on. (Zf// N, F. ^fott; courtesy of The Itoyal Society.) 


Like /, E is a function of sin O/X, and the i-elatiou l)(di\v{H^n the two is 
shown graphically in Fig. 24-1, for oxygon, wlien^ both E and / have 
been plott<^d by Mott. lOcpiations (l()-3(>) to (I (>-38) and (18-3) show 
that the intensity of s(!attere<l .\-i Jiys is ])roportional tojP. Similarly, the 
intensity of sc.attered electrons is proportional to /i’“, to a sufficient 
degrees of ac.cairacy for ordinary work.’* Although/ is a ])ure number, E 
has the dimensions of an area, and it is ]^lotted in arbitrary units in 
Fig. 24-1. For this reason, the I/IGtt^ has little or no .sig7iifican(*e in 
ecpiation 24-1 ; it is only the relative values of E at dilTei-ent values of 
sin d/X that have pra(d.ical interest. In comparing hi with /, howeven’, 
one should include a factor of the order of lO'^ betwenm the two, to take 
cai’c of the fact that the intensities of scattered c.athoclc rays, proportional 
to E^, are some 10^ times those of scattered x-rays, proportional to /“. 


^ J. C. Slater, Rev. Modern Phyn., 6, 209 (1934). 

^ N. F. Mott, Proc. Roy. Soc. (Londofi) A, 127, (i.'SS (19.30). 

3 For more details, s(^e M. Blackman, Pro<'. Roy. Sor. (London) A, 173, 77 (1939) 
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In Fig. 24-1, it is noticed that the scattering decreases with angle more 
rapidly for electrons than for x-rays. 

c. Although homogeneous electron beams generated at potentials of 
only a few volts or a few hundred volts can be diffracted, the practical 
applications of electron diffraction have thus far employed electrons 
having energies ranging from about 20 to 80 kv., as a rule. Application 
of equation (4-24) to such electrons shows that X for the phase waves 
is of the order of 0.05 A., which is roughly one-tenth or one-twentieth 
of the wave length of the x-rays ordinarily employed in diffraction work. 

d. The shorter wave length of the phase waves as compared with 
x-rays used for diffraction work results in values of the Bragg angle 6 
of the order of 1° instead of 10° as with x-ray transmission patterns. 
Consequently, a considerably longer specimen-to-film distance is pre- 
ferred for an electron diffraction camera than for a comparable x-ray 
diffraction camera. Another consequence is that one is justified in 
making the approximation 2 sin d = 20 = tan 26 in calculating d values 
from ring diameters by Bragg’s law for work of ordinary accuracy. 
Such an approximation is very inexact with x-ray patterns. If D is the 
specimen-to-film distance and r is the radius of a ring in the transmission 
pattern, one has, as with x-rays, r/D — tan 20, and from Bragg’s law, 

^ The above approximation then permits one to write 

2 sin 6 

d = D- (24-2) 

r 

where d and X are ordinarily in angstrom units and T) and r in inches, 
centimeters, or millimetei's. 

e. Another result of the short wave length is the elimination t)f 
back-reflection patterns as one of the practical tec.hnicpies. Back- 
reflection patterns have been obtained, especially from single crystals, 
with “slow” electron beams at potentials of the order of 100 volts; 
in fact, Davisson and Germer discovered electron dilTrac/tion by con- 
ducting experiments of this sort. Such beams have a long wav(^ 
length, corresponding to cobalt Ka, and similar x-ray wave; lengths 
suitable for back reflection. The diffraction of such low-voltage <iI<M‘tron 
beams is grossly affected by layers of adsorbed gas<\s on tlu^ surfa<*e 
of the specimen and by other anomalies that have dis(^oui-ag{Ml their 
use in ordinary practical work. Unsuccessful attempts have b<‘en made 
to obtain back-reflection x^atterns of graphite, gold, and iron with 5()-kv. 
electron beams.’ The reason for the failure is discernible in Se(\ 21-3. 

/. Another consequence of the shorter wave Icngtli is that, with v'ery 
thin single crystals like a mica sheet 5 X 10”*’ cm. thi(!k, a so-called 

^ R. Jackson and .X. (5. Quarrell, Pror. Phys. Sor. {London), 60, 77() (1U38). 
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‘‘ cross-grating pattern can be obtained, as though the specimen were 
only one unit cell (20 A.) thick. Figure 24-2 shows such a pattern by 
Finch, Quarrell, and Wilman.^ The array of spots appears as though 
only two of the three Laue equations (15-1) to (15-3), were to be satisfied, 
without regard for the third. This can be explained on the basis of 
Ewald’s reciprocal lattice (page 384) on the grounds that the reflecting 
sphere, having a radius G^/\, will be about twenty times as large as in 
x-ray diffraction, since X is only about one-twentieth as great. There- 
fore, when the sphere is tangent to one of the planes of reciprocal lattice 
points perpendicular to the primary 
beam, the effect is like laying a 
basketball on a screen wire, instead 
of a golf ball. Such a large ball 
will intersect all the wire intersec- 
tions (reciprocal lattice points) over 
quite a "spot of tangency,” consid- 
ering the fact that the "skin” of 
the ball has finite thickness, be- 
cause X varies over a range of a small 
fraction of a per cent, and that the 
points have a slight extent cori-e- 
sponding to the slight width of a 
diffraction maximum. 

g. In x-ray diffraction, the wave 
length of the primary rays is ordi- 
narily found by looking it up in a 
table (0.71 A. for molybdenum 
target, 1.54 A. for copper, etc.) but 
this is not true with elerd-ron dif- 
fraction. The alternative method 
used in x-ray diff raction, of photo- 
graphing a "standard” pattern from some substance like rock salt on the 
same film for comparison with the pattern in ciuostion, is suital)le for elec- 
tron diffracition, however. Gold foil is a favorite reference substance for 
electron diffraction work. If d, D, and r are known, then X can bo 
calculated from equation (24-2). Of course, X <!an bo calculated from the 
voltage at which the beam is generated, by ecpiation (4-24), if this 
voltage is known quite accurately, but it usually is not. For such a 
calculation, the next section will bo found helpful. 

h. Plarlicr cdiapters have emphasized the great. ])enotrating power of 
x-rays as contrasted with cathode I’ays. Generally speaking, the prob- 

^ G. I. Finch, A. G. Quarrell, and H. Wilnia.ii, Trans. Faraday Sor., 31, 1051 
(1935). 
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Fic). 24-2. — Kloct.ron diffraction cross- 
KratiiiK pattern of very tliiri mica cryistal. 
(/iy O. 1. Finch, A. (r. Quarrell, and II. 
Wilman; courtesy of The Faraday Society.) 



540 


X-RAYS IN PRACTICE 


[Chap. 24 


ability that an electron with 50,000 electron volts energy will suffer an 
elastic collision when it encounters an atom is of the order of 10^ times 
as great as the probability that an x-ray photon of ordinary energy or 
hardness will be scattered Avhen it encounters such an atom. 

i. The tendency for electrons to scatter rather than penetrate when 
they strike matter accounts for the fact that the proper thickness of a 
solid or liquid sample for transmission patterns is about a millionth 
of an inch for electron diffraction instead of about a thousandth of an 
inch, as for x-ray diffraction. 

j. This also accounts for the fact that electron diffraction is superior 
to x-ray diffraction in most respects when the sample is a gas or vapor. 
With x-rays, it is difficult to get enough gas in a small spacie in the 
primary beam to scatter a measurable fraction of the rays, but this 
difficulty does not occur with electrons. Of course, a homogeneous 
electron beam calls for a good vacuum, and the problem of localizing a 
gas at one spot in a vacuum seems insuperable at first thought. How- 
ever, the amount of gas required is so small that it can be intro- 
duced slowly into the vacuum chamber at the desired s]>ot through a 
tiny jet, and fast pumps will still maintain a satisfactory vacuum 
in the rest of the chamber in spite of it. For details, sec 8o(\ 3 and 
Fig. 24-5. 

k. The very slight penetration of the electrons also makes th<mi hotter 
suited than x-rays for the study of the crystal structure and cheiniciil 
composition of thin surface coatings less than a h'n-t.housandth of an 
inch thick, say. In such cases, electrons give the i^attern of tlu‘ coat.ing, 
whereas x-rays penetrate and give the pattern of the underlying mat <‘rial. 
For this type of work, the electron beam is made to impinge m^on the 
sample at grazing incidence, producing a semicircular arc pattcM U in a 
manner analogous to that shown for x-rays in Figs. 23-8 and 23-0. In 
taking an x-ray pattern by this method, the surface may be regardcul 
as smooth and flat, since the penetration is of the ord<M- of a, thousandth 
of an inch. However, veiy few surfaces are smootli and fla.1, from the 
standpoint of a homogeneous electron beam incident at a. grazing angl(‘ 
of about 1°. Such a beam is capable of penetrating only about a millionth 
of an inch without losing its homogeneity through inelastic^ collisions. 
The formation of a transmission pattern from such a surfac<^ (h^jxmd.s 
upon’ the existence of a few peaks or ridges here and thei *(5 pr<)j(xd'ing 
millionth of an inch or so ab(ivc the plane of the surfact). 

Z. The great increase in scattering power of the sampUi for el<^(^tron.s 
as compared with x-rays results in comparatively shoit exj)osure tinuis. 
An electron diffraction pattern is ordinaiily photograplnxl in a ftnv 
seconds, and often in a fraction of a second, as (?oiitrast.ed with minutes 
or hours for x-ray patterns. However, the time save<l by tln^ shorter 
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exposure is offset by the time required to evacuate the camera and by 
the more time-consuming technique of sample preparation. 


/ JO 



Fig. 24-3. — Kikuchi linos in the electron diFFraotion pattern from the (111) face of 
a fluorite (crystal. {By G. /. Finch., A, (7. Quarrcll, mul //. Wihnan; couriefiy of The Faraday 
Society.) 


m. With thicker single crystal si)ociniens, the ciharat^tcr of the electron 
transmission i^attcrn changes Ixjciause many of the electrons are scattered 
before they experience Hragg reflection. ''I''hese “thick” crystal patterns 
often display pairs of nearly straight lines, as in the pattern of a fluorite 
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crystal, taken by Finch, Quarrell, and Wilman, at 60® to the (111) plane 
(Fig. 24-3). Such lines are called ‘^Kikuchi lines’^ because they were 
discovered by Kikuchi^ in 1928, in patterns of mica. Eukuchi’s explana- 
tion of these lines may be understood from Fig. 24-4. If XP is the 
primary beam incident normally upon a thin crystal slab at P, a con- 
siderable fraction of the beam will be scattered elastically but diffusely 
from a small region around P. Some of these rays PH and PJ will have 
the proper directions to satisfy Bragg’s law for the set of crystal planes 



Fig. 24-4. — Kikuchi’s explanation of the Kikuchi lines. {Figure by G, P. Thomson; courtvsy 
of Macmillan Company, L,td,, and The Macmillan Corn;)any,) 


KL, MN. Since the intensity of scattered rays de(a'eaKe.s wi1.li angle, it 
may be supposed, for illustration, that ray PJ is twice as intense as ray 
PH, or that their intensities are 4/ and 21, respecitively. It may then 
be supposed that half of PH undergoes Bragg reflection, emerging in 
direction HB with intensity I, the other half Ixung transmitted and 
emerging in direction HA with intensity I. Similar assumpt ions for ray 
PJ indicate that rays J A and JB lioth have intensity 2f. On this 
basis, beams A and B are equally intense, both having intensity 3/. If 
the Bragg reflections had not occurred, the rays in direc^l.ion .1 would 
have had intensity 21 and those in direction B would have had intensity 
47. This explanation accounts for the fact that the Kikiudii lines 
appear in parallel pairs, the line farther from the prinuiry beam lieing 
light and the one closer to the primary beam being dark. It is scmui 
that an imaginary line on the pattern halfway bet.wecui such a ]);ur of 
Kikuchi lines represents the intersection of the corrctsponding (M-ystal- 
lographic planes {KL, MN) with the photographi(! plate or film. "I’he 

1 S. K. Kikuchi, Proc. Imp. Acad. Japan, 4 , 271, 354 (1928); Japa 7 i. J. Phys., 6, 
83 (1928); Physik. Z., 31 , 777 (193C). 
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Bragg reflections involved are often of higher order than the first, as 
indicated by the identifying marks surrounding the pattern of Fig. 24-3. 
This simple theory of the Kikuchi lines is not entirely adequate. For 
more details, see the book by Thomson and Cochrane.^ 

n. In “powder” transmission patterns with high-voltage electrons, 
poly crystalline samples sometimes yield patterns having “extra,” or 
“forbidden,” rings. For example, in the pattern of gold foil. Finch, 
Quarrell, and Wilman^^ observed such extra rings at = 4.81, 4.00, 2.79, 
1.83, 1.61, and 1.49 A., whereas gold should have only the following 
reflections, taken from the Hanawalt-Rinn-Frevel table: 2.35, 2.03, 
1.439, 1.227, 1.173, 1.019, 0.935, 0.910 A., etc. Investigation of these 
rings has shown that they are due to absorbed gas entering the metal 
lattice and forming an interstitial solid solution in the surface layers. 
Thorough outgassing of the sample eliminates the extra rings. They 
do not ordinarily appear in x-ray patterns because of the small scattering 
of x-rays by gas atoms and the much deeper penetration of x-rays. 

o. In Chap. 6 it was found that the index of refraction of x-rays in 
matter is usually less than 1 by an amount of tlie order of 10~“, which is 
negligible in ordinary work but worthy of consideration in pi*ecision 
work (Sec. 15-5). If electrons are thought of as negatively (jharged par- 
ticles, for the moment, it can be seen tliat they should undergo refraction 
when they enter a solid or licpud bo(;ause the iiHU'ease in electric jxjtential 
at the boundary will give the electron an accc^lerat.ioii normal to the sur- 
face toward the interior as it enters, tlui revei‘s<^ occairring when it emerges. 
This increase in electric, potential [often thought of as a (hun-ease in (nega- 
tive) potential, sim^e electrons are negat.ivej within mattcjr, as coiiipared 
with the i)otcntial outside, may l)e regarded as a bai-ritu- to bo hurdled by 
electrons in esciiping from a metal. It is wtdl known that a metal 
must he heated until the thermal energy of some of the fr‘ee electrons 
within reaches a value sufHcient to enable tliem to hurdle this barrier 
and esca])e, in the form of “thermionic emission” (pages 10 to 12). 

The tlKMn-y of this l)arrier in metals has been dt^veloped by Sommer- 
feld.^ Ac.<^or<ling to this, some of the fr<xi elecf-i-ons in tluv rnetal have 
energy Wi evnui at a,hsoliite zero tein[)erature, owing to the filling up 
of the low<‘r (uiergy l(iv<^ls by the Pauli ])rinc.iple (page 63), forcing 
some of th<^ ele<drons into higlua* l<w(4s. ddie “height” of the i)<)tential 
harrier (in voKs) to Ixi hurdhxl at the siirfacie is designated as 1F„. Then 
the thermionic^, or phot.oele(d-ri(% work fun<4,ion 4>, with which most 


^ Footnote 1, p. r>;i(>. 

* Cl I. A. ( 5. (iuarn^li, joul II. Wilimiii, 'Franit. Farcuiny So<\, 31, 1051 

(1035). 

A. Hotnmerfold, NaLurwiHtivn,srhaflrn, 16, 374 (1028); Z. Physik, 47, 1, 43 (1028). 
8(^e also T.i. A. DuBridjic^ Am. ./. Phyn. (Am. Phyn. Tcnrhcr), 7, 357 (1039). 
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electrical engineers are familiar, is given by 

4» = TTa — Wi (24-3) 

On this basis, the index of refraction /a of a homogeneous electron beam 
generated at a potential difference of V volts is given by 

L , Wa 

M (24-4) 

Since Wa for most solids is of the order of 10 volts (usually between 
5 and 20, at any rate), it is seen that n exceeds unity by a negligible^ 
amount when one is using 30 or 50 kilovolt electrons, but its variation 
from unity becomes important for beams generated at a few hundred 
volts or less. In such cases, equation (24-4), combined with (4-24), 
Bragg’s law, and Snell’s law (m = sin ^■/sin r) will enable one to make 
the proper correction, as on page 328 for x-rays. 

2. Relationship of Voltage to Wave-length. Beginning with the 
pioneer work of Davisson and Germer and of G. P. Thomson, the experi- 
mental results have confirmed de Broglie’s equation giving X in 
centimeters, 

(-^-24) or (24-5) 

Since the velocity attained by 50-kv. electrons is not a negligible 
fraction of the velocity of light, one should not lose sight of the fact that 


so that 



rriov 


(4-14) or (24-0) 


(4-23) or (24-7) 


where v is the velocity of the electrons in centimeters ikm* se(rond. This 
velocity is in turn related to the potential difference V (in volts) applied 
to the electron gun by the equation 


Kinetic energy 



(24-8) 


(see page 56) . Solving this for v, substituting the result in (24-7), 
making suitable approximations, and noting that h/s/e^a = 10”**, 

1 A case where the refraction is significant has been reported by L. Sturkev and 
L. K. Frevel, Phys. Rev., 68, 56 (1945). 
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12,21 1 

Vv vn- 0.98 X 10 - 6 F 


(24-9) 


where X is now in angstrom units, not centimetera, when V is in volts. 
Neglect of the relativity correction leaves merely 



(24-10) 


This simple equation can be derived directly from (24-5) and the classical 
equation for kinetic energy: 


eV 

300 



(24-11) 


When F = 20 kv., it is seen that the use of (24-10) instead of (24-9) results 
in an error of about 1 per cent, representing the relativity correction. 

3. Cameras. As already stated, most applications of electron 
diffraction to "practical’^ problems have employed high-voltage electrons 
(above 20 kv.). High-voltage cameras will therefore be the main topic 
of discussion in this section. The youthful character of electron diffrac- 
tion as a method of investigation is indicated by the fact that it is still 
customary for each experimenter to construct his own camera, in accord- 
ance with his own ideas, and adapted especially to the particular problems 
he has in mind. The RCA Manufacturing CJo., Camden, N.J., sells 
electron microscopes and adapters that pern\it them to be used as 
electi'on diffraction camei-as. High-voltage cameras may be divided 
into two groups: (1) those intended for solid or nonvolatile liquid speci- 
mens (like mercury); (2) those intended for gaseous, vaporized, or 
volatile licpiid specimens (like carbon tetrachloride). In group (1), 
those cameras deserving most attention are probably the ones developed 
by the pioneers in the field who have had longer experience than others, 
''rherefore, the cameras developed by Germer and by Thomson and 


Fraser- are cited esijecially. 


There is a wide variety of such cameras,-* 


^ H. Ci. I’icard, J. Applied P/iys. , 16, 678 (1944). General I'llectric haH just, 
announced a now camera as this book goes to press; see G. H. Bacdiman, Gen, Elec. 
Rev., 48, 7 (November, 1945). 

L. 11. (lertnor, Rev. Set. Instruments, 6, 138 (1935). G. P. Thonnson and G. (S. 
Fra.s(U', Proc. Roy. Sac. (London) A, 128, 641 (1930); Trans. Faraday Soc., 31, 1049 
(1935). (1. P, Thomson and W. Cochrane, “Theory an<l ITacticc of I'lloctroii DilTrac- 

tion,” p. 216, Macmillan & Company, Ltd., Ijondon, 1939. 

“ G. I. Finch and A. G. Quarrell, Proc. Phys. Soc. (London), 46, 148 (1934); Trans. 
Faraday Soc., 31, 1051 (1935). H. J. Ycarian, Phys. Rev., 48, 631 (1935). J. A. 
Darbyshire and E. R. Cooper, J. Sei. Instruments, 12, 10 (1935). H. R. Nolspn, 
.7. Applied Phys., 9, 623 (1938). D. H. Clewe.ll, Ind. Eng. Chein., 29, 650 (1937). 
J. E. Ruedy, Rev. Sci. Instruments, 11, 292 (1940). Ii). A. Giilbranscn, Electronics, 
January, 1944, p. 126. 
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24-5. — Method of obtaining an electron difFisurtion puliern of a gas or vajM>r. 

R' Hendricks, and V. M. Mosley; courtesy of the Atnerirn n I nstitute 

of Physics.) 
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some being designed especially for high-temperature work,^ etc. In 
group ( 2 ), there are also numerous cameras described in the literature. ^ 
The only essential difference between groups ( 1 ) and ( 2 ) is that for 
gases and vapors a jet of the proper size must be provided, its axis 
accurately intersecting the electron 
beam axis. It is helpful to have 
the jet impinge on a liquid air trap 
to help maintain the vacuum. A 
boiler for vaporizing the material 
may be necessary. Such a unit is 
illustrated in Fig. 24-5, as designed 
by Maxwell, Hendri(4<.s, and Mos- 
ley. Figure 24-(i sIkjws a pattern 
of arsenic (As 4 ) vapor obtained b 3 '' 
the same workei's. Since the scat- 
tering from gases or vap<jrs rises to 
a maximum at zero angle, Dehye^ 
has improved upon the (piality of 
such electron patterns by inst, ailing 
a rotating sector in front of the 
photographic plate that makes the 
exposure time proportional to r‘‘ 
where r is the distarue of any ])oint 
on the plate from the center of the 
pattern. 

Figure 24-7 is a photogra.]ih of 
a group ( 1 ) camera c.onstriHdxul and 
oX)erated by W. W. Jkxunan ami the 
author. Figure 24-8 is a section 
di*awing of th<i ciimera. ''rh<> plate 
or film holder D is somewhat, difler- 
ent from the usual nisi. nation. 

Its princ.i])al part- is a turnta-bletliat 
(‘.an be rotated by moans of a, i.a,j)ere(l send like the iilug in a stoixax^k. On 
the undersidi^ of the turnf-alile, radial rails are fasttmxnl so that six j>lates 
or films can be slid in tlirough the ])ort C, nuudi as a drawer slides on rails 
attached to the undei’side of a table l.oj). A sect, or is cut out of the 



Fkj. 24-7. Pliot.oKnir)li of electron dif- 
frucl.ion cHiuern in uho jit CJenoral MotoiM 
J{c.sejii<4i ijn!)oni.t(M-io.s. 


1 G. Tj. Ghu k and K. Wnlt.huis, ./. A (y/Uinl Phi/n., 8, (itO H,. .Jackson and 

A. (}. (iuarroll, Proc. Sor. (London), 61, 237 (ID.tOj; A idomolive and Aviation 

Ind., 91, 3,^) (Sept. 1, 1<)14). 

* 11. Wi('!rl, Atm. Phynik, 8, .521 (1031); 11. do Laszkj, /*roc. Roy. Sor. (London) A, 
146 , 672 (1634) U. Max\v<‘ll, S. B. Ihnidricks, .-ind V. M. MosUsy, J. Chem. Phys., 
3 , 70.5 (103.5); L. O. Brockway, Rrv. Modrrn Phi/ft., 8, 2,31 (1936). 

® P. P. Debye, Physik Z., 40 , 66, 404 (1939). 
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turntable so that when the cutout portion is turned into the electron 
stream it is able to proceed unhindered to the fluorescent screen A, which 
was cut off of a discarded cathode-ray oscilloscope tube. Although the 
turntable type of plateholder has the advantage of being very simple and 
dependable, it is not so easily adapted to cameras mounted horizontally, 
as many are. Aside from these minor items, there are no features of the 
camera worth special mention; it is a typical camera. 

Electron guns were mentioned in Sec. 7-4e. Electron diffraction 
workers seem to be divided almost equally into those who prefer a gas- 
discharge type of electron gun working on the principle of the gas-fiiled 
x-ray tube and those who prefer a hot-cathode high-vacuum gun. After 
using both types, the author feels that the advantages and disadvantages 
of the two are quite evenly balanced and that there are no grounds for a 
strong preference for either. For detailed drawings and instructions on 
the construction of a cold-cathode gun for electron diffraction work, one 
may refer to an article by Moss.’^ A good article to introduce one to the 
subject of an electron-gun design has been published by Pierce. ^ 

In Fig. 24-8, the electrons emitted by the 12-mil tungsten wire 
filament N are accelerated to the diaphragm M by a potential difference 
of about 90 volts supplied by a radio B battery. After passing through 
the pinhole, they find themselves in a focusing cup like that of an x-ray 
tube (hot) cathode. As in an x-ray tube, they are then accelerated to 
the diaphragm X by a potential difference of some 50 kv. The electron 
current is much smaller than in an x-ray tube, however, being a few 
microamperes, rather than milliamperes. All the apparatus above X, 
including X, is at ground potential. The main fi-amework of the camera 
consists of sections of brass tubing (about in. wall tluc^kness) soldered 
together. The gun is maintained at —50 kv. or thereabouts by a trans- 
former-kenotron-condenser circuit of the type shown and d<\s(vi-il)ed in 
Fig. 7-22. The condenser has a capacity of about 0.1 ^if. To minimize 
the danger of electric shock, a 1-megohm resistor is placed in tlie high- 
voltage line before it enters the camera room where someone might 
touch it. Since the filament N is at high voltage, its heating current is 
supplied by a filament transformer of the type shown in Fig. 7-8. Tins 
transformer should be placed 10 ft. or more from the camera so tliat its 
alternating magnetic field will not cause the electron beam f,o wave 
back and forth as in a cathode-ray oscilloscope. 

The tantalum diaphragm X is mounted on a brass bellows as shown, 
so that the 0.01-in. pinhole in the center of X can bo aligned with the 
election beam. K. is a second stationary pinhole, in. in diameter. 
X is a “magnetic lens.” This consists of about 800 turns of No. 20 

^ H. Moss, J. Sci. Instruments, 18, 8 (1941). 

2 J. R. Pierce, J. Applied Phys., 11, 548 (1940). 



Sec. 3] ELECTRON DIFFRACTION AND ITS APPLICATIONS 


549 




ft 




.5p 




J 


K 






aC3 








'y' 


A - Fluorescent screen 

B- Waxed Jo/nfs 

C- Ff/m port 

D - Plate Polder 

E - Specimen polders 

E~ Adjustable electron sP/e/d 

G ■ Fixed electron sP/eld 

E- Pump off tube 

/ - Threaded Joint, max seat 

J - Magnetic tens 

IC- Second or aperture p/nPote 

L - First pin hole 

M- Focussing cup 

N- Filament 

O' Electron gun 


Fig. 24-8. — Section drawing of tlie camera in Fig. 24-7. 
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insulated, copper wire wound on an iron spool, which fits snugly insidti an 
enclosing iron cylinder after the winding is finished. The -y-in. -diameter 
core of the spool contains a brass equatorial ring, i-epi*esented by the 
white gap in the crosshatched iron lens case. Since brass is nonniagnetic, 
the ring acts as an air “flux gap,” which permits the magnetic field set 
up in the iron to leak out into the region of the electron ])eam at tin? 
center. This lens affects the cathode-ray beam miudi as a glass converg- 
ing lens affects a beam of light rays. Its focal length doci-eases as the 
(steady direct) current through the coil of wire is incu*eas<^d. Thus a 
storage battery and rheostat permit one to adjust th(^ fo(\*il hmgth 
of the lens until the clearest pattern appears on the s(;reen .1 . ''riu* lens 
current is about amp., and a 12- volt storage battery su]>j)lieH it. 

The design of electron guns, magnetic and electrostatic <^lectron 
lenses, etc., comes in the fleld of “electron optics,” wtiich has develo})ed 
rapidly in the last 15 years because of its importance in vacunim f.ul>es, 
electron microscopes, television, cathode-ray os(tlloscoj:>(^s, et(\ Si)ace 
limitations will not permit even an outline of this sul)j(M‘t here, but it. luis 
been covered elsewhere.^ A most useful equation ap]>lying to magiK4i<'! 
lenses of the type shown in Fig. 24-8 is 


1 

/ 


0.022 

V 



rn (iz 


( 21 - 12 ) 


-Z 


o 




irl 

Fig. 24-9. — To explain formula (24-12) 
for a magnetic lens. 


where / is the focal length of the lens in centimeters, V is fh<‘ <“n<*rgv 
of the electrons in the beam in electron volts, II is t lic? ni;ign<4i<i field 

strength in o<‘rst<‘<ls at juiy point I* 
on the iixi.s ;ind z i.s t in* <lis1.an(‘<> 
of P from t lu^ lens c<uit(M‘ () ( I'ig, 
24-9). 

In I^ig. 21-S, t h<^ <4<‘ct ron beam 
emerging from tli<‘ l<*ns ./ j)a,s.s(‘s 
through the shields F and G, which play a rol<^ <Miuivalenf to that of lh<‘ 
guard pinhole C (Fig. 17-1) in an x-ray <u)llimal.or. 'rh<‘ Ix^a.m st rik(‘.s 
the surface of the specimen, mounte<l on A' ( I’ig. 21-S), a t a, gnizing 
angle of the order of 1°. The diffract ed rays t lum st i ik<‘ t he phot <»gra.])hi<* 
plate or film at D or the fluorescent sen^en at, .1 , so t ha t t h<‘ |)a.tt<‘rn mn v 
be observed visually and photograi>lHMl. 

The use of a magnetic lens »/ (lo<\s n(>ti iiH^jin tiiat- ()m<* <'a.n p<*rmit a 
broad beam of electrons to pass through the lens a, ml m<M<4y adjust tin* 

^See, for example, E. Briiche and O. Sclua-zt'r, “ ( ri.sdic l-IIc'k t rom'iiopt ik " 
Verlag Julius Springer, Berlin, 1934, o.sp(MaaIly pp. 82 112 lor the thoory ;i,ui .{(..sig,, 
of simple magnetic and electrostatic l(ins(*s; :i.lso, synipo.siuii) , X. (rrfi. Phusik 17 
584 J'. (1936); F. Gray, Bell System Tech. J 18, 1 ( in.'l'.)) (<-lccl ro.s) i i,- lon.so.s (»nlv)- 
footnote, 2, p. 548; A. L. Hughes, Am. J. Phys., 9, 201 ( H) 1 1 ) (tnagiict ic-lcn.s Ihcorv). 
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lens current until the beam is brought to a focus on the plate D. The 
reason why this scheme Avill not Avork is understandable from Fig. 24-10. 
In the left-hand diagram, suppose a lens at the bottom causes the (light) 
rays to converge so that they Avill focus on the plate, as indicated by the 
dotted lines, Avhen the specimen is absent. If the specimen, represented 
by a mirror, is introduced, then the reflected rays will still focus on the 



Left 

SPECULAR REFLECTION 



R i g ht 

LATTICE PLANE REFLECTION 


Fi(«, 24-10. — Showing difforoiKH's in lOc.u.sing hot-wcMMi truo roflocddon iind Krugg reflotdioii. 


plate, as desired. vSin<r<‘. the lays are really cathode rays, however, and 
their “refhMiion ” in the hjkhmmkmi obeys Bragg’s law, the situation in the 
<‘le(dron dilTi-action (^anun'a is as ilhistrat<Hl in the right-liand diagram of 
Fig. 21-10. Since eacrh rey is d<n'iat<Ml through a fixed angle and the 
rays trad<^ sides in the a-fter refh^t^f.ioii, a conv(u-ging primary beam 

Avill gemu’ato a div<u*giiig <lilTr{ud,(Ml beam. ])urj^ose of the magnetic 

l(uis is mercily i.o (Munpciiisatc^ for iTie slight div(u-gc!n(x^ of the rays passing 
through h()l<‘s Ij and K (f'ig. 21-8, or t.hrough A and /i, Fig. 17-1) and 
lAunUu’ them a(uvurat(^ly paralk^l so that a fiiKi homogeneous beam of 
paralhil rays strikt^s the s|)e<umeii. 
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The two bellows E permit two or more specimens to be manipulated 
into or out of the beam while the camera is evacuated; the best angle of 
incidence can be found by adjusting the specimen while observing the 
pattern on the screen A.. Process film or slow contrasty lantern-slide 
plates are suitable for photographing the patterns ; as already stated, the 
exposure time is a matter of a second or so. A shutter controlled through 
a bellows (not shown) may be used to control the exposure by interrupt- 
ing the beam between K and L. 

The above discussion has assumed that reflection patterns are being 
taken. Thin film samples for transmission patterns may be supported 
on a copper disk with a f-mm. hole in the center or by a wire screen, the 
disk or screen being mounted on support E (Fig. 24-8) as before. 1^’he 
port H leads to the vacuum pumps, which should be capable of evacuating 
the camera to the necessary pressure of about 10“® mm. of mercniry in a 
few minutes. For a discussion of such pumps and their operation, one 
may consult the book by Strong^ and his coworkers. 

Low-voltage equipment for the diffraction of electrons of a few 
hundred electron volts energy or less is even more individualistic, in 
design than the high-voltage cameras. The original pai)ei*s of Davisson 
and Germer include a description of their low-voltago camera. Such 
apparatus usually detects the diffracted electrons by a movabUi Faraday 
cage connected to an electrometer, rather than by photograi)hic inet liotls. 
Among numerous types of such apparatus built and des(n-il)ed l)y ot,li<M‘s, 
one has also been built and described by the author.- 

4. Specimen Preparation. The principal requirement for trans- 
mission specimens is that their thickness be of the ord<‘r of a inillionth 
of an inch. Such thin films may be picked up by floating thiun on water 
and bringing the supporting screen or disk (see preceding s<M*tion) up 
under the film gently. Although commercial gold foil is viu-y thin, it, is 
not thin enough. It may be made so by floating it on a st rong solution 
of KCN in water until it is on the point of disintegi’at.ing. 

Reflection specimens must be prepared with miu^h gixjat.ei- care 
than for x-ray diffraction. The specimen should be aliout, 1 <Mn. s<|uare 
and 1 to 3 or 4 mm. thick. One of the centimeter sepjan^ sui-facc^s t,o b<^ 
exposed to the beam should be ground quite flat with a fiiu^ al)rasi\'(', 
followed by etching. The extremely slight ptundrat.ion of t lu^ rays 
makes it quite likely that the pattern from a ])ie(e of bright. <‘t<'hc!d copper 
will be found to be the pattern of some gi'c^ase from a lingfu’pi’iiit, or 
from some invisible oxide layer like ChiaO rathtM" tha,n t lu^ patt<U’n of 


J. Strong, H. V. Neher, A.. E. AVhitforcl, CJ. 11. ('jirt.vvriglit , jiiid It.. 
“Procedures in Experimental Physics,” Chap. Ill, Pnintico-llall, inc- 
1939. 


liny wan I, 
N<f\v \'ork, 


W. T. Sproull, Rev. Sci. Instruments, 4, 193 (1933). 
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copper. Grease coatings may usually be removed by immersing the 
specimen in ether, benzene, distilled water, etc., or by re-etching. Some- 
times a reflection pattern can be obtained even though the specimen 
surface is not so veiy flat and smooth, but the patterns are usually 
disappointing. Iron specimens may be etched in 5 per cent nitric acid in 
pure ethyl alcohol, then 5 per cent picric acid in pure ethyl alcohol. Foi- 
copper, 10 per cent ammonium sulfate in distilled water is suitable. 

6. General Fields of Application. Space limitations will permit 
only an outline of the applications of electron diffraction here, witli 
references for the reader interested in details. 

a. Applications to Solids and Liquids. Some of the limitations of the 
method will be mentioned, followed by a list of applications for which 
the method is adaptable and helpful to a greater or less degree. First 
the very slight penetration of the electrons limits one to the grazing- 
incidence method, illustrated for x-rays in Fig. 23-8, or else to films only 
about a millionth of an inch thick, for transmission patterns. In the 
former case, the small values of the Bragg angle d rule out the study of 
conclave surfaces, corrosion pits, etc.; in the latter case, it is obvious 
that compai-atively few practhuil specimens are obtainable as millionth- 
inch-thick films. The extreme sensitivity of tlie method is often a handi- 
(uip; a very slight contamination suffices to give patterns that have no 
significancic in the work at luind. A clean sample lying on 'a table for 
an hour will acquire a film of grease from the air thick enough to change 
the pattern. The nee<l for a va<uium <^liminat(w volatile licpiids from 
(uuisideration as such; only f.hcir vapors may l)e e.xarnined. Many 
surfaces give i)attcrns that are too faint f,o analyze accurately or, some- 
times, no pattern at all. JCv<m when a good pattctrn is obtained, it 
may not. he one in the 1 lanawalt-liinn-F revel table, and it may l)e 
impossihh^ to identify the coat ing that gave tlui pattern. However, such 
a patt(yrn will give informa, tion alxmt th<^ grain size and orientation, and 
it will t.(‘ll the experimenter that the coating is not any of the ones he 
might have guessed. 

Among appli(tatiions t.hat hav<^ been dis(aiss{ul in tlie literature, often 
with very helpful r(>sult.s, t.her<^ are (1) the chemical identity of thin 
surface films, the growth and orientation of the crystals in such films 
(for exampl<‘, (‘oatings sput,t.<MXid or (n’a,porat.<Ml in vacuuiii), and henc^e 
the study of (corrosion and oxidation of surfacres;' (2) measurement of the 


^ H. It.. NoLson, ./ . Applied Phi/n., 9, (>23 (lUIiS); O. It-iidigor, Ami. Physik, 30, 
r>05 (1037); E. M. V. Andrade^ Troim. Faraday Sor., 31, M37 (I03r>); It.. O. Joiikina, 
Proc. Phys. Sor. {Loudon), 47, 100 (1035); (!. I. t’inc.h n.nd A. (J. (^unrrell, Proc, Roy. 
Soc. {Londo'u) A, 141, 308 (1033); CJ. P. ’^Phoiiisoii, N. Hl.uart, juid (). A. Murisoti, 
Proc. Phipf. Sor. (London), 46, 381 (1033); V. Kindwu^r, Z. Physik, 76, .576 (1032); 
J. J. Trillat and I. v. Hirscli, J. phys. radium, 3, 185 (1032); I. litaka and S. Yamn- 
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.electrical conductivity of surface layers;^ (3) the physical nature of the 
polishing process and the “Beilby layer/^^ electrolytic polishing,® wear, 



and “running in'' of* bearings and machinery;'* (4) lubrication, grease 
and oil films,® graphite as a lubricant,® etc. ; (5) thin organic and inorganic} 

guchi, Nature^ 144 , 1090 (1939); (J. D. IVoHton and L. L. liinnmiHhaw, Phil. Mag., 
22, 654 (1936); Automotive and Aviation Ind., 91, 35 (Sopt. 1, 1944). 

1 E. I. Alessaiidrini, J. Applied Phys., 16 , 94 (1945); D. C. ]irul)akor and M. I.. 
Fuller, J. Applied Phys., 16 , 128 (1945). 

“P. E. Axon, Proc. Phys. Soc. (London), 62 , 312 (1940); E. PloHsing, Z. Physik, 
113 , 36 (1939); W. Coclmiiio, /Vor. Roy. Soc. (London) A, 166, 228 (1938); J. 
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. Fia. 24-13. — Reflection pattern showing gamma PeaOs on surface of steel. 



Fia. 24-14. — Reflection pattern of copper showing presence of GuuO. 


(10) thormionic and photoelectric emit-tiing surf ixcos j (11) niisc’clUirioous.*^ 
h. Applications to Gases and Vapors. The applications of electron 
diffraction to gases and vapors arc similar to those out lined for x-ray 
diffraction in Chap. 22, but they go beyond the capabilities of x-rays 
for reasons mentioned in Sec. Ij. Examples are (1) structure of benzene'^ 
and other molecules;^ (2) atomic separations in niolecuhvs of Jlr*.., CX)o, 


H- Gaertner, Phil. Mag., 19, 82 (103/j)j .J. A. Diirhy.sliirc*, Pror. A'or. {L/O'ft- 

don), 60, 635 (1938); J. E. Ruedy, Rev. iSci. Instruna’nl.'i, 11, 2<.)2 (1910). 

2G. P. Thomson and W. Cochrane, “Theory and IVaclicc^ of Kl(‘ctrou Diffrac- 
tion.,’* Chap. XV, p 211, Macmillan & Company, Ltd., London, 1939. 

3R. Wierl, Ann. Physik, 8, 521 (1931); L. Paiding and L. O. Hro<‘k\va,v, J . Chem. 
Phys., 2, 867 (1934); P. L. F. Jones, Trans. Faraday Soc., 31, 1036 (1935). 

^ J. Y. Beach, J. Chem. Phys., 9, 54 (1941); S. H. Bauer and J. Y, Beach, J. Am. 
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Fia. 24-15. — Heflection pattern of polished nickel. 



C'Sa, CCl.i, (;y(il(>hexanc, pentane, etc.;^ 


ll~C—CA 

(3) comparison of cis 11 

\\--C v\ 


II ()— Cl 

and traiiK || (li(rhl<)ro<>thyl(n)e;“ (1) c.on(ijj;uration a-nd atomic. 

C II 


Chem. Snc., 63, lUJi t (1011); M. W. iitid L. 1*'.. Std.toti, I'nina Faraday Sor., 37, 

393, 40f) (1911). 

' It. Wicfl, Ann. Phyaik, 8, .'")21 (1931); S. II. Hjumt, ./. Chvni. Phys., 4, -lOd (1936); 
A. Beck.c'f and t). Kipphati, Arm. Phyaik, 28, 471 (1937). 

* R. Wi(^rl, A nn. Phym/c, 13, 4.53 (1932). 
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[Chap. 24 


separations (covalent bonds) in various molecules;^ (5) radial distribu- 
tion of electrons in atoms and molecules.^ 

6. A Few Common Patterns. A typical electron diffraction pattern 

of a vapor (arsenic) has already been shown in Fig. 24-6. Figure 24-11 
shows the transmission pattern of gold foil, used by most investigators 
as a wave-length calibration standard, as explained on page 539. The 
arcing of some of the rings reveals preferential orientation, as with 
x-rays (Fig. 20-15). In surface films, the direction of preferential 
orientation is often normal to the surface and parallel to the primary 
beam. This condition, when present, is revealed by abnormal ring 
intensities, not arcing, as explained in Sec. 20-7. 

Figure 24-12 is a transmission pattern of copper foil, showing that 
it has oxidized almost completely to CU 2 O at the spot where the pattern 
was taken. Figure 24-13 is a reflection pattern of 1020 steel etched in 
nitric acid, showing the presence of a surface coat of “gamma Fe 203 ,’' 
which has a pattern like Fe 304 . Figure 24-14 is a reflection pattern of 
oxidized copper, showing the presence of CU 2 O. Figure 24-15 is a 
reflection pattern of polished nickel, showing the amorphous type of 
pattern characteristic of many polished surfaces. Figure 24-16 is a 
pattern of the same surface after a light etch with nitric acid, showing 
some of the rings for Ni and NiO. 

QUESTIONS AND PROBLEMS 

1 . If one arbitrarily says that the atomic-scattering cross section E for a bt^am 

of 50-kv. cathode rays is 100 for copper when the Bragg angle 0 is 1°, i.hcn what is 
the value of E when 0 is 2°? /t m-. 38.2. 

2 . Does the result of Problem 1 indicate that the intemsity at 0 = 2“ i.s aliout 
38 per cent of the intensity at 0 = 1°, or should you say that 14.0 p<n* (rent is a. more 
accurate figure? Can you suggest how the latter figure was (^ahailatiid? Is a 
homogeneous beam of electrons passing through a thin film S(^att,cre(l priiunpiilly by 
the atoms, the electrons, the nuclei, or what is the fundamental natuni of l,h(^ 
electron diffraction process within a crystal? 

3 . A good specimen for a transmission pattern with .lO-kv. eh'ctrons should 
be roughly how thick? Answer the sa,irjc question for molyhdeunun !<« x-niys (orden- 
of magnitude only). What property of cathode rays a<aiount.s for t he large difference 
between your two answers? Does thi.s jiroperty make cathode rays inori’i suitable 
than x-rays for the study of the molecular structure of gases and vaijors? Mxplain 
your answer. 

4 . What property of 50-kv. cathode rays renders tlumi unsuitc'd for taking batik- 
reflection patterns? Is it possible to obtain back-reflccflon patterns with cathode 
rays of any sort? With the high-voltage rays, what two types of pat terns arc obtain- 
able from solids? What is the order of magnitude of the c.\posurc time for such 
patterns? 

6. The lattice constant of gold is 4.07 A. With a gold-foil specimen, one of the 
rings in its 50-kv. electron pattern has a radius of 0.7 cm. If the specimen-to-film 

^ L. O. Brockway, Rev. Modern Phys., 8, 231 (1936). 

* J. Walter and J. Y. Beach, J . Chem. Phys., 8, 601 (1940). 
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distance is 30 cm., find the Miller indices of the d spacing involved, without using any 
trigonometric functions. (Gold is face-centered cubic.) Am. (111). 

6. If the high voltage is not known more accurately than about ±10 kv., how 
does one determine the d spacings from the pattern of an unknown material? How 
should you account for the appearance of a ring at d = 4.00 A. in the electron pattern 
of gold foil? 

7. What are Kikuchi lines? What is a cross-grating electron pattern? What 
sort of specimens give patterns in which they may be found? Briefly outline the 
theory accounting for their appearance. 

8 . Are electron beams refracted? Is the index of refraction more or less than 1 ? 
Is its departure from 1 negligible for high-voltage rays? For low-voltage rays? 
How is it related to the photoelectric work function? What is the work function Wa? 

9 . Calculate the wave-length of 50-kv. cathode rays, neglecting the relativity 

correction. Including the correction. Ans. 0.548 A; 0.534 A. 

10 . With i amp. direct current flowing through its coil, the axial magnetic field 
strength at the center of a magnetic lens of the type shown in Fig. 24-8 is 200 oersteds. 
At 1 cm. from the center along the axis, it is 50 oersteds; at 2 cm., 25 oersteds; at 
3 cm., 10 oersteds; at 4 cm., 5 oersteds; at 5 cm., 2 oersteds; beyond 5 cm., it is neg- 
ligible. What is the focal length of s\ich a lens for 44-kv. cathode rays, roughly? 
What is the purpose of such a lens in an electron diffraction camera? Ans. 42 cm. 

11 . Name two types of electron gun commonly uscid for electron diffraction. 
Are the patterns usually recorded on x-ray film? If not, on what kind are they 
recorded? Should you exp(‘ct x-rays to Ix^ gcmerated in a high-voltage ele(d;ron 
diffraction camera? If so, what can b(^ said n^gjirding their iiibmsity? hlxplain. 

12 . Outline the technique of samph^ ])reparati()n. What d(^gr<^e of va(Mium is 
required in an electron diffraction c-armira? How i^an gases or vapors hv. studied in 
such a vacuum? 

13 . What arc some of the limitiitions of tln^ <‘l(*ciroti (lillra(dion method in prac- 
tical work? Name the more important (h^ls to which it lots bixui applied. Who 
discovered electron diflraction? Whenf 
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Table I. — Miscellaneous Data for the X-ray Worker 

1 radian = 57.29578 degrees 1 degree = 0.017453 radian 

Napierian log base e = 2.7182818 tt *= 3.14159266 

■v/2 = 1.41421 Vs = 1.73205 l/x = 0.31831 

1 centimeter = 0.39370 inch = 10® angstroms = 10* microns 

1,000 x-units = 1.00203 angstroms. 1 inch = 2.540005 centimeters 

1 electron volt = 1.6008 X 10“i® ergs, equivalent to 1.16 X 10* degrees Kelvin 

1 e.s.u. of potential = 300 volts 

1 coulomb = 2.9978 X 10® e.s.u. of charge 

1 microfarad = 8.98776 X 10® e.s.u. of capacity 

c = 2.9978 X 10^® cm. /sec. Avogadro’s number = 6.023 X 10®® per mole 
Electronic charge e — 4.8021 X 10“^® e.s.u. — 1.602 X 10“®® e.m.u. 
e/m -= 5.2736 X lO^^ e.s.u. /g. h = 6.624 X 10-®^ erg-sec. 

Mass of electron rn 9.1066 X 10“®® gram 

Mass of atom of unit atomic weight = Mo = 1.66035 X 10“®* gram 
Compton shift at 90 degrees — h/rnc = 0.024265 angstrom 
Boltzmann constant k = 1.38 X 10“*® crg/'’C. 

Zero degrees centigrade = 273.16 degrees Kelvin. 

Rydberg constant for infinite mass = 109,737.3 per centimeter 
True calcite grating space (20 degrees centigrade) = 3,029.512 x-units 

— 3.03567 angstroms 

Effective space, corrected for refractive index (18 degrees e.ontigrade) 

= 3,029.04 x-units 

Molecular weight of calcite = 100.091 

Density of calcite (20 degrees centigrade) = 2.71029 g./cin.® 

g./cni.® 


Density of connnercual aluminum alloy 2.71 

Density of 1 per cent carbon st.eel 7.83 

Iira.ss, 67 p(U' cent C^l, 33 per cent Zn 8.4 

95 per (rent zinc, 5 per (rent aluniinuin 6.80 

( -opp(rr 8 . 95 

Magnesium 1.74 

Itock salt 2.165 
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Table II.— Data in the Text 



Table 

Page 

Electromagnetic spectrum 

u 

23 

Quantum numbers 

4-2 

62 

Electron volts to angstroms 

(Eq.) 

66 

Lindemann glass versus beryllium windows 

7-1 

111 

Characteristics of constant-voltage transformer 

7-2 

144 

X-rav films 

9-1 

176 

Recommended thicknesses, lead protection 

10- 1 

203-204 

Radiographic technique 

12-1 

241, 242, 244 

Blocking material 

12-2 

255 

Penetrameter dimensions 

12-3 

260 

Linear absorption coefficients 

13-1 

290 

Schoenflies notation 

14-3 

308 

Grating spacings in x-units 

16-1 

338 

Grating spacings in angstroms 

16-2 

339 

Wave lengths of K lines of Mo and Cu 

16-3 

339 

Atomic-structure factors 

16-4 

356 

Inclination of cubic lattice planes to zone axes 

20-1 

454 

Angles between crystallographic planes in cubic crystals. . . 

20-2 

459 

Incoherent x-ray scattering function 

22-1 

501 

Ionic radii 

« 1 1 t 

517 

Interatomic distances 


506, 518, 519 

Metal classification 


520 

Beta and gamma superstructures 

.... 

524 



Table III. — Principal Emission Lines of X-bay Spectra* 
(Compiled by J. M. Cork) 

(Emission Wave Lengths in the K and L Series, X in x-units X 1000) 
For calcite d = 3.02904 X 10® X.U. 


APPENDIX 


563 


CCL 


CO 

















1— 1 



o 

CO 




CO 


rH 

rH 

rH 




XC 


CO 

CM 

rH 




r-H 


tH 

i-H 

iH 


















CO 


C3:> ^ CM 

(M 


CO 

iCi 

rH 

UO 


i-H O CM 

CO 


o 

03 

O 

rH 

<33. 


. 



< 


. 


t*h 05 !>■ 

IO 


CO 

rH 

rH 

o 


CM ^ 


rH 

I— 1 

rH 

rH 

rH 








t-. 


* iO 


t-- 


rH 

CO 

oo 




rH 

QO 

CO 

IO 

IO 




CO 


CO 

(M 

rH 


• i—H 

rH 

rH 

1—1 

rH 

tH 

tH 


(MC3S OO-rHCOOCOt^ 
CO »0 CO >0 05 »0 CO C<l 















rH 

C3 


lO 


CO 

CSI 

tH 

CO 

C-l 












CN 

(M 

rH 

tH 

rH 

rH 

tH 

rH 

rH 

rH 






















CM 
















(M 

o 

lO 

03 

lO> 

03 

CM 
















rH 

<M 

lO 

rH 

03 

OO 

03 
















CD 

OO 

CO 

IO 

CO 

CM 

rH 
















(M 

tH 

rH 

iH 

rH 

tH 

rH 


















CO 

63 

tH 

00 

CO 


















IO 

00 

iH 

CO 

TtH 

Cl 

















00 


00 

03 

rH 

Qa. 


















CO 

<M 

rH 

rH 


















rH 

rH 

rH 

rH 

1-H 





»o 

rH 

rH 

CM 

■ 00 


03 

o 


CO 

CN 

O 


o 


CO 

CM 

^- 


-t* 

03 

IQ 


(M 

rH 


. zo 

CO 

CO 

03 

03 

S 

CO 

CO 


t— 

05 

(M 

IO 

CO 


03 

CO 

CO 

IQ 

03 

<M 

03 

. r+l 

00 

t-r 

o 

r- 

oo 

O 

lO 

rH 

03 

OO 

03 


CM 

ca 

»o 

»o 

03 


l>- 

O 

OO 

■ 

o 


lO 

<M 

o 

03 


CO 


CO 

(M 



rH 

03 

l>^ 

CO 

lO 

lO 


: ^ 

CO 

(M 

(M 

<M 

CN 

rH 

rH 

tH 

tH 

rH 

tH 

rH 

rH 


rH 



























’co” 

"c^ 

~f:r 


o 

In" 

Is'' 


"i6'^‘ 

rH 

■’co" 

To" 



“cm" 








rH 

oo 

■ CO 

rH 

IO 

CO 

lO 

t— 

03 




CM 


rH 







CO 

rH 

' CO 

lO 

(M 

HH 

03 

00 

'03 

CO 

iO 

CO 

CO 

CO 

IO 


IO 

03 

o 

rH 

(M 

CO 


■ t-- 

CO 

o 

r'- 


<M 

o 

03 

I>- 

CO 

IO 


CO 

CM 


§8 

CO 

<M 

tH 












• 

• 






OO 

CO 

rH 

rH 

lO 


■ CO 

CO 

CO 

<M 

cs 

<M 

cs 

tH 

rH 

rH 

iH 

H 

rH 

rH 



05 

00 


CO 

CO 


rH 

• 

03 

-f 

5S' 

00 

CO 

rH 

<M 

03 

§8 

IO 

rH 

o 

CO 

CM 

03 

ss 

CM 

rH 

s 

03 ' 

”CM 

IO 

01 






CO 


• CO 

lO 

(M 


o 

o 

CO 

00 

lO 


CO 

lO 







CO 


• r-- 

CO 

O 

r-* 

lO 

<M 

iH 

03 

r- 

cO 

IO 


CO 

CM 







»o 



CO 

_cp. 

<N 


^CN 

<M 

rH 

iH 

rH 

rH 

rH 

rH 

rH 


d • • r/3 

§ a : s ; 

niji 

ss-H nd ^ 

I*!!; -<1 CO Pi CO 


^ CJD 


C 


1 -HC^co^io <;ot^ooo 5 


s' 

_2 

s 

s' 

G 

p 

s' 

_2 

s' 

G 

OJ 

w 

OJ 

s 




Fh 


a 

s 

G 

• rH 

G 

r/j 

W 

03 

-H 

.3 

IS 

G 

03 

o 

*3 

a 

G 

s 

O 

bC 

G 

G 

HH 

G 

4- ' 

rO 

ZJ 

O) 

Ph 

Ph 


c: 

G 

S 

F-1 

O 


■ ^ 

G 


o 

o 


O 

.3 

G 

1 O) 

Ph 

o 

oo 

H 


o 


hH 

O 

y< 

O 

tM 

O 

1 o 

03 


rH 

CM 

CO 


to 

CO 

1^ 

00 

03 

o 

rH 

CM 

rH 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

cc 

1 CO 


Table III. — Principal Emission Lines of X-bay Spectra.* — (ConMnued) 


564 


X-RAYS IN PRACTICE 















s 

05 


CO 

05 

tH 

to to 


to 

CD 

CQ 

CO 

00 












to 


00 

H 



CD b- 


CQ 

CD 

b 

rcJH 

CD 










<M 



CO 

rH 

H 

CQ 

to 

05 


c 

5 b^ 



CO 

CO 


to 









CO 

O 


tH 

05 

1> 

to 

CO 

rH 

05 

b 

• to 


CO 

CQ 

rH 

o 

05 









to 

jp 



CO 

CO 

CO 

CO 

CO 

CQ 

d 

CQ CQ 


CQ 

CQ 

CQ 

CQ 

rH 










CO 

o 

CM 

rH 

CQ 

b- 

00 

CO 


CQ 

rH 

05 

b- 

CD 

CD 

rH rH 
CD CD 


s 

CO 

05 

8 

rH 

8 


C4 








CS) 

rH 

CO 

CQ 


05 

s 

CO 

CO 

rH 

b 



o 

05 

05 

o 

rH 


00. 







to 

<M 

05 

CO 

tH 

05 

CD 

00 

rH 

o 

00 Jt^ 


to 

CO 

CQ 

CQ 

rH 









to 

to 




CO 

CO 

CO 

CO 

cd 

CO 

CQ CQ 


CQ 

CQ 

CQ 

CQ 

CQ 













b- 

l> 

to 


05 

05 

rH 

CO CQ 


05 

o 

CO 

05 

rH 






<5 

00 


05 


to 

CO 


to 

TdH 

CD 

rH 

00 

to 

r— 

00 


05 

rH 

to 

to 

CQ 


G9 




CO 

to 


rH 

05 

o 


Tin 

CQ 

CQ 

CO 

CO 

05 


G 

CD 


CQ 

rH 

8 

o 

rH 


QQ. 





CO 

05 

CO 

<M 

o 


CQ 

o 

00 

CD 


CQ 

rH 

c 

00 


CD 

to 

CO 

CQ 






d 

CO 

to 

to 

to 

to 




CO 

CO 

cd 

cd 

CO 

eo e» 


CQ 

CQ 

CQ 

CQ 

CQ 








00 





CQ 

CO 

rH 

CO 

o 

CO 

CO 

G 

05 


to 

00 

00 

CQ 

rH 






rH 

(M 

(M 

o 

iH 

CO 

8 

CQ 

H 


05 

CO 


c 

to 


8 

05 

CO 


o 






s 

05 

o 

to 

CO 


rH 

CD 

CD 


05 

CO 

00 


o 


Tt^ 


to 


00. 




CO 

o 

CO 

CO 

o 

to 

CQ 

o 

00 

CO 


CO 

rH 

c 

05 


CD 

to 


CO 

CQ 






CO 

CO 

CO 

to 

to 

to 




CO 

CO 

cd 

CO 

cd 

CO CQ 


CQ 

CQ 

CQ 

CQ 

CQ 

CQ 

O 

‘C 

o 








* 




o 

CO 

CD 

rH 

00 

05 


c 

05 


00 

CQ 

CO 

o 

05 



00 

05 


o 



s 

CO 

rH 


b* 

CD 

o 

b^ 


c 

o 


b 

CQ 

CO 

rH 

CO 

-H 



o 


iH 

o 

CO 

rH 

CO 

CO 

CQ 

CO 



rH 

b 

CO 


b 

CO 

to 

to 

to 

00. 


»> 

rH 


CO 

<M 

00 


tH 

CO 

CO 

»H 

05 


to 

CO 

CQ 

G 

05 


CD 

to 


CO 

CQ 

w 



oo 

00 


CO 

CO 

to 

tO 

to 




CO 

CO 

cd 

CO 

cd 

CO 


CQ 

CQ 

CQ 

CQ 

CQ 

j-3 












CQ 

CQ 

H 

to 

tH 

00 

CD 




CO 


o 

b 

o 



rH 

05 

io 


CO 

iH 


CO 

CO 


tH 

o 

o 

5^ 

CO 

rH 

05 




CO 

b 



b 



t-H 

CO 

CO 


o 

CO 

05 

05 

CO 


rH 


H 

00 

b. 

00 

05 




00 

to 

00 

rH 

o 


t5- 


05 

<N 


io 

o 

to 

rH 

00 


05 


tH 

05 

b- 

to 




05 

00 

b 

CO 

to 



o 

tH 

05 

05 


J> 


d 

CO 

to 






cd 

CO 

CO 




CQ 

CQ 

CQ 

CQ 

CQ 










<M 



00 

to 

CD 

oo 

b- 

CQ 

oo 

o 

b 


rH 

CO 

b 

O 

b 










to 

CO 

b- 

00 

to 

b- 

CO 

CQ 

rH 

(M 

rH 


CD 

05 

05 

CD 

b 










tH 

05 

CO 

00 

to 



CO 

05 

CO 

oo 



00 

CO 

to 

to 

to 



(N 

(M 

00 


05 

CO 



CO 

oo 

to 

CO 

tH 

05 

b- 

to 


CQ 

tH 


00 

b 

CD 

to 




lO 

CO 


UO 


on 

CO 

to 

to 

to 





CO 

CO 

cd 

cd 

cd 

CO 


CQ 

CQ 

CQ 

CQ 

CQ 




WJ 

tw 




V.H 

00 



CO 

CD 

00 



rH 

00 

o 

05 


CD 

o 

00 

rH 

CD 



05 

00 

00 


CD 

CO 

CO 

rH 

CO 

to 

CD 

CO 

CQ 

rH 


rH 

o 


to 

05 

00 

lO 

b 


CI 


rH 

o 


05 

CO 

to 

to 

b- 

8 

05 

to 


05 

b 

CD 

CD 

CD 


S 








t- 


to 

CO 

rH 

05 



CQ 

rH 


00 

b 

CD 

to 











to 

to 


TiH 


d 

CQ 

CO 

CO 

cd 

CO 

CO 


CQ 

CQ 

CQ 

CQ 

CQ 



00 

(N 









p 

CD 

CD 

CO 

CO 

CO 

CO 

rH 

b 


CD 

b 

O 

b 

rH 




CM 


05 

o 


CO 

b- 

05 

l> 

rH 

05 

CO 

8 

o 

05 


05 

00 

o 

to 

00 



Tf 



<M 


05 

rH 


oo 

o 

CO 

05 

t- 

to 

CD 

r™< 

s 


to 

CQ 


00 

b 



CD 

(M 

to 


00 


00 

to 



CQ 

05 

CO 

Th 

CQ 

o 

00 

b- 


CQ 

rH 

s 

00 

b 



I— H 

d 

d 


l> 


d 

d 


to 

to 


d 




cd 

CO 

CO 


CO 

cd 

cd 

CQ 

CQ 



>-H 

rH 

























rH 

"W" 


iH 

w 


"S" 


rH 





w 



CO 

CO 


■qd'^ 




"to 



00 

05 

to 


<M 

irH 


00 


to 

05 

CQ 

o 

CQ 

o 

o 

tH 


CD 


rH 

CQ 

CD 

b 

CQ 



CN 


00 


05 


(M 

05 

o 

CO 

05 

CO 

Thi 


to 

b- 

o 



to 

CQ 

05 

b 

CD 


QQ. 



tH 

rH 

CO 

<M 

92 

to 

rH 

CO 

CO 

o 

00 

CD 


CQ 

o 

05 

b 



CO 

rH 

o 

05 



o 

05 

05 

00 

l> 

!>• 

CO 

CO 

CO 

to 

to 

to 





Tji 

CO 

CO 


CO 

CO 

CO 

CO 

CQ 



rH 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

O 

d 

d 

d 

o 

d 


d 

d 

o 

d.. 

d 




00 


CO 

o 

05 

oo 

00 

00 

rH 

C35 

rH 

CQ 

CO 

to 

o 

o 

00 

to 


CQ 

CQ 

CO 

rH 

o 



rH 

rH 

00 

05 

CO 

tH 

<M 

CO 

05 

CO 


CD 

CQ 

iH 

CD 

CO 

CO 

CQ 

tH 


CD 

CQ 

CQ 

o 

CD 



IQ 

o 

o 

CO 

rH 

05 

O 


o 

rH 

05 

CO 

Tt^ 

CO 


CD 

05 

CO 


CO 

O 

b 

»o 

CO 

OT 

. a 

oa 

to 

05 

CO 


OO 

CO 

o 

CO 



rH 

05 


to 

CO 

rH 

05 

00 


to 


CQ 

rH 

o 

O 

05 

05 

00 

!>- 



CO 

CO 

to 

to 

to 


Tt* 




CO 

CO 


CO 

CO 

CO 

CO 

CO 

?H 

QJ 

CQ 


rH 

d 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

O 

d 

d 

d 

o 

o 


d 

d 

d 

d 

o 










CO 


CQ 

CQ 


00 


rH 

CO 

ID 



CO 

o6 

CD 

cS' 

‘o 

1-^4 



»o 

CO 

CO 


iH 

CO 

CO 

00 


o 

CQ 

CQ 

00 

o 

CO 

Tt^ 



to 

CO 

•rH 


s 


f-i 

CO 

C<l 

l> 

CO 

CO 

l>- 



1^- 

rH 

CQ 


00 

CO 

rH 

05 

05 

o 

CQ 


05 


CO 


y 


o 

CO 

CM 


(M 


o 


tH 

to 

CO 

rH 

00 

CD 

to 

CO 


05 

00 

b 

to 




rH 

tH 

o 

05 

oo 

00 




CO 

CD 

to 

to 

to 

to 


-rJH 




CO 

CO 

CO 

CO 

CO 



rH 

iH 


o 

d 

o 

d 

d 

d 

d 

d 

d 

o 

o 

d 

.d- 

d 

d 

d 


d- 

d 

d 

o 







00 

CO 

CO 



o 

CO 

b- 

s 

to 

rH 



Tti’ 

G 

6b 



rH 


CO 

i6 



I?* 

to 

l>- 

to 

05 

rH 

o 

co 

CD 

CO 



05 

05 

05 


o 

05 

CO 

o 

8 




CO 

tH 

l>- 

i>- 

rH 

00 

OO 

<M 

CO 

CD 

00 

CQ 

00 

to 

CO 


CD 



§8 


rH 




o 

tIH 

CM 



00 


rH 


rH 

00 

CO 

CO 

rH 

05 


to 

CO 


o 

b 

CO 




rH 

rH 

o 

05 

oo 




CO 

CD 

to 

to 

to 

to 






CO 

CO 

CO 

CO 



rH 

rH 

iH 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

d 

o 

o 

d 

d 


d 

d 

(d_ 

d 

d. 


I 

(U 

w 


(U 


.2 .g -I i ‘g 

I S i :d g 'B 8 

cc m K M >-< c3 


a 

5 


a 


a ^ 

-3 S 

^ ^ *3 


a 

US 


;a ^ - -I i 



^ § 


CO iO CX) o 
CO CO CO CO CO CO ^ 




CO op 05 Q 1-H 


C<l CO 




lo CO 00 05 
lO *0 iO ic 




Table III. — Principal Emi.s.sion Lines of X-ray Spectra.* — {Continued) 


APPENDIX 


56 




oo 



SS 

CD 











CD 

03 










1—1 


CM 

CO 


?S 

CO 

uo 

CD 

CO 

<33 

b 

03 

CO 

CD 

b- 

8 


b 

CD 



CO 

g5 

S8 

CD 

03 


CM 


O 

CD 

kO 

CD 

CM 

OO 

kQ 



kQ 

tH 

1-H 

CO 




to 

CM 

CO 

tH 

CO 

rH 

CM 

b- 

CO 

03 

CM 

oo 

IQ 

CM 

03 

CO 

CO 

^H 

kQ 

I-H 



oo 

l> 

CD 

iC 




CO 

CO 

CM 

CM 

1-H 

t-H 

O 

O 

<33 

<33 

<33 

OO 

OO 

00 

00 

CD 

CD 



1—4 

^H 

t-H 

1-H 

^H 

^H 

t-H 

tH 

iH 

rH 

rH 

1-H 

1-H 

rH 

1-H 

CD 

<D 

CD 

o 

CD 

<D 

d 

d 

d 




t-H 

CM 

<33 

o 

00 

l>- 

CO 

CM 

OO 

CM 

"kh> 

-<33" 

"o“ 

6b 

03 

b 

O 

b 

CM 

00 

CM 

03 

iH 



t-H 

00 

C30 

1—1 

<33 

<33 

CO 

o 

S 

CM 

b- 

CO 

t-H 

CM 

00 

CM 

03 

OO 

b 

00 

O 

CO 

tH 

CO 


TI 

CO 


Q 

^fc 


rH 

CO 

tH 

tH 

CD 

CM 

00 


CD 

CO 

03 

CO 

CO 

8 

00 

kQ 

<33 

kQ 



o 

oo 

00 

t-- 

CO 

CO 


lO 


XtH 

CO 

CO 

CM 

CM 


1-H 

o 

o 

o 

03 

<33 

b 

b 



CO 

1-H 

1-H 

t-H 

rH 

t-H 

rH 

rH 

tH 

tH 

rH 

t-H 

tH 

1-H 

^H 

1-H 

rH 

rH 

tH 

rH 

d 

d 

d 

d 




(±> 


03 

ID 

1>- 

§ 

<33 

CO 


CM 

b- 

rH 

<33 


kO 

CD 

kQ 

kQ 

kQ 

CM 

b' 

CM 

oo 



<M 

oo 

CM 

o 

CM 

1>- 


CM 

<33 

oo 

<33 


<33 


OO 

rH 

kQ 

o 

00 

b 

CD 

CO 

oo 


PC 

ca 


00 

rH 



t-H 

kO 

O 


<33 


o 

kO 


CO 

o 

CD 

CO 

<33 

CO 

CO 

kQ 

o 


03- 

1-H 

Oi 

00 

OO 


CO 

CO 

kO 

»o 


CO 

CO 

CO 

CM 


rH 

rH 

O 

o 

03 

03 

<33 

b 

b 




1-H 

t-H 

t-H 

T— H 

1-H 

tH 

tH 

rH 

rH 

rH 

rH 

rH 

1-H 


rH 

t-H 

rH 

rH 

CD 

d 

O 

o 

d 



CO 


1-H 

CO 


t>- 

CO 


CM 

CM 

cm' 

CO 

'rH '' 

oo" 


t-H 

■ocT 

CM 

■cT" 

O 

CD 

o' 

<33 

s 



CM 

CM 

<33 

t-H 

CO 

>o 

CO 

rH 

§8 

b- 

<33 

CO 

OO 


b 

03 


<33 

b 

kQ 

kQ 

rH 



CO 

03 

CM 


OO 

t-H 

kO 

03 

tH 

CO 

00 


03 


b 

CO 

O 

CD 

CO 

O 

b 

<33 



03- 

t-H 

<33 

03 

00 

IT- 

!>* 

CD 

»o 

lO 



CO 

CO 

<M 


1-H 

t-H 

1-H 

O 

o 

o 

<33 

b 

b 



CM* 

t-H 

1-H 

t-H 

t-H 

1-H 

T— H 

rH 

iH 

rH 

iH 

rH 

1-H 

rH 


1-H 

t-H 

t-H 

tH 

tH 

o 

O 

O 

d 



S 

CO 

CO 

U3 

t- 

CO 

kO 


00 

kO 

b- 

rH 

CM 

CM 

03 


CD 

CO 

kQ 

O 

oo 

8’ 

'cb'" 

kQ 

CO 


CO 

CO 

CO 

CM 

CM 

CO 

CO 

S8 

CD 

CTM 

o 

rH 


03 


kO 

b 

1-H 

CO 

CO 

8 

CO 

00 

(D 


CO 

03 

t-H 



p 


CM 

b- 

CM 

b- 

CM 

b- 

kO 

rH 

OO 


rH 

kQ 

CD 

rH 

"G 

03. 

1-H 

03 

<33 

OO 



CD 


kO 



CO 

CO 

CM 

1-H 

1-H 

tH 

o 

o 

o 

<33 

<33 

b 

b 



CM 

t-H 

t-H 

rH 

1-H 

t-H 

t—H 

rH 

iH 

tH 

iH 

tH 

tH 

1-H 

rH 

t-H 

t-H 

1-H 

tH 

t-H 

d 

O 

d 

d 



CM 





CM 

O 

OO 

CO 

o 

00 

b- 

<33 

rH 


b 

CO 

CO 

CD 


8 

kQ 

00 

kQ 







CM 

CM 


CM 

tH 

CO 

03 

b- 

00 


t-H 

o 

8 

tH 

kQ 

CO 

CM 

CO 




r-H 




<33 

CM 

kO 

03 

CO 

b. 

rH 

CD 

1-H 


00 


CD 

CM 

<33 

kQ 

kQ 

o 



CM 




oo 

00 

t> 

CD 

CO 

kO 

kO 




CM 

CM 

CM 

1^ 

1-H 

O 

O 

00 

00 



CO 

CM 




rH 

rH 

tH 

tH 

tH 

tH 

1-H 

rH 

rH 


t-H 

t-H 

t-H 

tH 

t-H 

rH 

rH 

o 

d 



CO 

o 

CO 

03 

kO 

CO 

rH 


OO 

oo 

kO 

S 

00 


CD 

kQ 

CO 

b 

CD 

03 

CO 

kQ 


b 



ilO 

no 

CD 

1-H 

1-H 


CM 

o 

CM 

l>- 

kO 

00 

CO 

§8 

OO 

o 

CO 

OO 


CM 

rH 

00 



CO 

03 

t-H 



o 

kO 

oo 

CM 

CD 

tH 

CD 

1-H 

b^ 


t-H 

b 

CO 

o 

b 

TiH 

kQ 

o 



CO 

1-H 

T— H 

o 

03 

<33 

OO 

t- 

t- 

CD 

CD 

lO 

kO 


CO 

CO 

CO 

CM 

CM 

CM 

tH 

rH 

<33 

<33 



CO 

CM 

CM 

CM 

1-H 

tH 

tH 

tH 

tH 

i-H 

rH 

rH 

t-H 

1— H 

t-H 

1-H 

o 

1-H 

rH 

1-H 

tH 

1-H 

d 

d 



CO 

t^ 

CO 

CO 

CO 

CO 

rH 


"oT 

"oT 


o 

“6^ 



oo 

IQ 

“o" 

kQ 

"co" 

rH 

o 

OO 

CD 



»o 

kO 


CM 

CM 

kO 

CM 

rH 

CO 

<30 

CD 

b- 

03 

00 

03 

1-H 

kQ 

C73 

CD 


CO 

kQ 

O 



t-- 

o 

CM 


00 

1-H 

»<3 

03 

CO 


CM 

b- 

CM 

OO 

<33 

IQ 

CM 

OO 


1-H 

kQ 

CD 

CM 



co 

CM 

t-H 

o 

03 

03 

00 

1> 

b- 

CO 

CD 

kC 

kQ 


CO 

CO 

CO 

CM 

CM 

CM 

tH 

rH 

<33 

<33 



CM 

CM 

CM 

J?L 

t-H 

t-H 

1— H 

tH 

tH 

tH 

tH 

1— H 

tH 

rH 

t-H 

1— H 

t-H 

rH 

1-H 

rH 

tH 

rH 

d 

d 



CO 

o 

“cio 

t-H 



t-H 

tH 

iH 

o 

00 


"o^ 




S' 

"03" 

"ss“ 

"oT 


1C 

00 

"“<33 



o 

l>- 

o 

!>- 

03 

HtH 

CM 

kO 

rH 

O 

rH 

b- 


kO 



CO 

t-H 

b 

CO 

CM 




l>- 

t- 

03 

O 

CM 

kO 

OO 

rH 

kO 

<33 

CO 

b- 

b- 



<33 

IQ 

rH 

00 


rH 

iH 



co 


CO 

CO 

CM 

tH 

o 

o 

<33 

oo 

00 

b- 

b^ 

CD 






CO 

CO 

CO 

rH 

o 



9^ 

.9^.. 

CM 

CM 

CM 

CM 

..9S 

9S! 

tH 

tH 

1-H 

1-H 

T— H 

t-H 



t-H 

t-H 

^ tH 

rH rH 

rH 

T— 4 

t-H 



CO 

1.6 

i6 

cM" 

"cT 



rH 



“03^ 


rH 

"6b" 

k O CD 




03 

kQ 






!>* 

!>• 

r^^ 

CO 

rH 

CM 


b* 


CM 



lO 

03 

b 

b 

OO 

CM 


CO 

CM 





Ct 

i3 

lO 

CO 

t-- 

03 

t-H 


CO 


CO 

o 

5S 

OO 

00 CO 

00 



»Q 

tH 


CO 


03. 

CO 

lO 


CO 

CO 


rH 


o 

<33 

03 

b- 

CD CD 

kQ 

kQ 





lH 

o 


CM 

M 

CM 

CM 

CM 

CM 


CM 


CM 

1-H 

t-H 

1-H 

t-H 

1-H 

rH 

rH 

tH 


rH 

rH 


tH 

rH 



o 

<d 

d> 

_o_ 

_9?.. 

CD 


<D 


<D 

Jh*.. 

<D 

_<D 

<D 

D 

o 

CD 

CD 


<d 

d 


d 

d 



i6 

o' 

t— 


1-H 

O 


kQ 

b- 

•rt4“ 

t-H 

io' 

1-H 

CM 

1— 

o 

O 

CM 


t-H 

CO 

IQ 






»<3 

o 

03 

iQ 

rH 


t-H 

00 

CO 

b- 

t-H 

1-H 

CM 

CO kO 

b 

O 


rH 

o 

CM 

<33 

<33 



CM 

CM 

CO 

CO 

»o 



CM 


oo 

1-H 

kO 

<33 

-rfH 

CO OO 

CO 

03 


o 

CO 


CD 

rH 

CO 

<l> 


03 


CO 

kO 


CO 


CM 

rH 

o 

O 

<33 

00 

OO 

b 

CD 

CD 

>Q 


>Q 


rH 

iH 

CM 

CM 

CM 

CM 

CM 

CM 


CM 

CM 

CM 

CM 

1-H 

t-H 

t-H 


t-H 


rH 


rH 

rH 

1-H 

rH 

rH 

• ^ 

flj 


o 

O 

o 

O 

o 



O 

O 

<D 

O 

CD 

o 

o 


o 

<D> 

o 


CD 

d 


d 

d 

CO 


o6 


lO 

03 

“o 

kO’ 


“6b 


kO 

CM 

CO 

§8‘ 

“^CM 

iQ lO 

CO 



8 

CO 

tH 



w 


CM 

5S 

03 

t^ 

CM 

03 

CO 

03 

OO 

CM 

§8 

b- 

CO 


QD 

CM 

03 


rH 

•rtH 

CO 



1-H 

l>- 


OO 

OO 

^3 

tH 

CO 

CO 

1-H 


OO 

CO o 

kO 

03 


<33 

kQ 

O 

CM 



CO 

O 

03 

00 

r- 

CO 

cD 

kO 


CO 

CM 

CM 

tH 

o 

03 03 

OO 

b 


CO 

CO 

CO 

CO 

CM 



CO 

CO 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 


1-H 

rH 

rH 


t-H 

rH 

iH 

tH 

rH 



cd 


o 

jO_ 

CD 

CD 

CD 

CD 


o 

CD 

<D 

O 

<D 

CD 

o 

o 

<D 


CD 

d 

d 

d 

_d 



ijo 

r-H 


r-H 


"cD 

"03" 

'"o' 

T— ) 

03 

CO 

CO 

CO 

kO 


o 


' co' 


CO 


iq" 





o 

r-H 

CD 

»Q 

<33 

CO 

03 

cO 

CO 

03 

>o 

kO 

b- 


CO ><D 


00 


CO 

8 

CM 

oo 

<33 


'■1 

lO 

CO 

CM 

CM 

CM 

CO 

'Tfl 

CO 

00 

o 

CO 

CO 

03 

CO 

T— 

»Q 


o£ 



kQ 

CD 

O 



CO 

t-H 

O 

03 

OO 


CO 

»o 



CO 

CM 

rH 

rH 

c 

03 

03 


b 

b 

CO 

CO 

CO 



CO 

CO 

CO 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM rH 

rH 

t-H 


t-H 

rH 

rH 

tH 

tH 



_o_ 

_o. 

o 

CO 

O 

O 

O 

o 

Jp, 

<D 

Jp_ 

-O- 

_Q., 



o 


j;^ 


CD 

d 

d 

d 

d 


O) 

S 

W 


< 0 


.2 a 

a 3 

M • t-H 


o 

OJ 


s .2 
.2 3 

Ph ^ 

P cd 


M W O 


a 

O) 

H 


S 

•w a 
2 •§ 

o 

ft W 


a 
• ^ 

W 


a .2 

p ■ 


0 

=3 


o 

q;i 


f-i 

pp ^ ^ 03 

H P-H 3 W 



S (MCO'*i?>COt--000:>0»-H<MCO*^COt^OC050t-H<McQOC^ 

cocococooco<;oot^i>-r^t>*t^t^i:^i>.i>-5oooooooS5o5 


* +T^o ‘'TTonrlKrtftt rtf PhATnictrv nnH Kt- f* T> HnHflrmftn bv Dermission of the Chemical Rubber Comoanv. 
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Table IV. — Excitation Potential in Kilovolts roa Characteristic X-ray 

Spectra* 


At. 

no. 

Element 

K 

L 

M 

N 

11 

Sodium 

1.07 




12 

Magnesium 

1.30 




13 

Aluminum 

1.55 




14 

Silicon 

1.83 




15 

Phosphorus 

2.14 




16 

Sulfur 

2.46 




17 

Chlorine 

2.82 




19 

Potassium 

3 . 59 




20 

Calcium 

4.03 




21 

Scandium 

4.49 




22 

Titanium 

4.95 




23 

Vanadium 

5.45 




24 

Chromium 

5 . 98 




25 

Manganese 

6.54 




26 

Iron 

7.10 




27 

Cobalt 

7.71 




28 

Nickel 

8.29 




29 

Copper 

8.86 




30 

Zinc 

9 . 65 

1 . 20 



31 

Gallium 

10.4 

1 .31 



32 

Germanium 

11.1 

1 .41 



33 

Arsenic 

11.9 

1 . 52 



34 

Selenium 

12.7 

1 . 64 



35 

Bromine 

13.5 

1 .77 


• 

37 

Rubidium 

15.2 

2 . 05 



38 

Strontium 

16. 1 

2. 19 



39 

Yttrium 

17.0 

2 . 36 



40 

Zirconium 

18.0 

2.51 

0.43 

0.05 

41 

Colinnbiuiu 

19.0 

2 . 68 

O.IS 

0 . 05 

42 

Molybdenum 

20.0 

2.87 

0 . 5 1 

0.06 

44 

RutlKuiiuin 

22.1 

3 . 21 

0.59 

0.06 

45 

Rhodium 

23 . 2 

3. 13 

0.62 

0 . 07 

46 

Palladium 

24.4 

3 . 61 

0.67 

0.08 

47 

Silver 

25 . 5 

3.79 

0.72 

0. 10 

48 

Cadmium 

26.7 

4 . 07 

0.77 

0. 1 1 

49 

Indium 

27.9 

1 . 28 

0.83 

0.12 

50 

Tin 

29 . 1 

•1 .49 

0 . 8S 

0 . 1 3 

51 

Antimonv 

30 . 1 

4 . 69 

0.94 

0. 15 

52 

Tellurium 

31.8 

4 .93 

1.01 

1 . 17 

53 

lodim^ 

33 . 2 

5 . 1 8 

1 .OS 

0. 19 

55 

Cesium 

35 . 9 

5.71 

1.21 

0 . 23 

56 

Barium 

37 . 1 

5.99 

1 .29 

0 . 25 

57 

Lanthanum 

38.7 

6 . 26 

1 . 36 

0 . 27 
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Table IV. — Excitation Potential in Kilovolts for Chauactkristic X-ray 

Spectra. * — {Continued) 


At. 

no. 

Element 

K 

L 

M 

N 

58 

Cerium 

40.3 

6.54 

1.43 

0.29 

59 

Praeseodymium 

41.9 

6.83 

1.51 

0.30 

60 

Neodymium 

43.6 

7.12 

1.58 

0.32 

62 

Samarium 

46.8 

7.73 

1.72 

0.35 

63 

Europium 

48.6 

8.04 

1.80 

0.36 

64 

Gadolinium 

50.3 

8.37 

1.88 

0.38 

65 

Terbium 

52.0 

8.70 

1.96 

0.40 

66 

Dysprosium 

53.8 

9.03 

2.04 

0.42 

67 

Holmium 

55.8 

9.38 

2.13 

0.43 

68 

Erbium 

57.5 

9.73 

2.22 

0.45 

69 

Thulium 

59.5 

10.1 

2.31 

0.47 

70 

Ytterbium 

61.4 

10.5 

2.41 

0.50 

71 

Lutecium 

63.4 

10.9 

2.50 

0.51 

72 

Hafnium 

65.4 

11.3 

2.60 

0.54 

73 

Tantalum 

67.4 

11.7 

2.71 

0.57 

74 

Tungsten 

69.3 

12.1 

2.81 

0.59 

76 

Osmium 

73.8 

13.0 

3.05 

0.64 

77 

Iridium 

76.0 

13.4 

3.17 

0.67 

78 

Platinum 

78.1 

13.9 

3.30 

0.71 

79 

Gold 

d 

00 

14.4 

3.43 


80 

Mercury 

82.9 

14.8 

3.57 


81 

Thallium 

85.2 

15.3 

3.71 


82 

lioad 

87.6 

15.8 

3.85 


83 

Jlismiith 

90.1 

16.4 


0.96 

90 

Tliorium 

109. 

20.5 


1.33 

92 

Uranium 

1 15. 

21.7 

B1 

1.44 


+ M. Siobgalm, “SpectroHcopio dcr UiintgonHlruhlcii," Verlun Kpringcr, Horlin, 1024. 
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Table V. Absorption Coefficients fob X-bays and Gamma Rays* 

Mass Absorption Coefficients 
X = 2.50 — 0.005 X 103 X.U, 


x,x.u. 

X 1000 

H 

Li 

Be 

B 

c 

N 

0 

Ne 

Na 

Mg 

A 1 

2.60 

2.29 

1.93 

1.74 

0.52 

4.0 

6.1 

9.1 

17.8 

15.0 


44.5 

36.4 

100 

128 




75.5 



0.50 

2.io 

3.06 

4.7 

8.76 

14.0 

21.7 

49.0 

61.3 

Secs 

See 

1.666 

1.539 

1.484 

0.48 

1.10 

1.60 

2.45 

4.52 

7.45 

11.1 

‘ 24 ; 6 ' ' 

32.1 




1.432 

1.389 

1.377 

1.293 

0.47 

0.86 

1.25 

1.87 

3.35 

6.60 

8.1 


23.4 

next 

next 












1.280 

0.46 

0.67 

0.95 

1.35 

2.42 

3,95 

6.7 

* i 2 ; 4 ‘ ■ 

17. 1 



1.235 

1.104 

1.071 

1.038 
























page 

page 

0.45 

0.43 

0.55 

0.76 

1.36 

2.10 

3.13 

6.5 

8.8 

1.000 

0.980 

0.949 

0.932 

0.900 

0.892 

0.880 

0.862 

0.850 

0.814 

0.780 

0.710 

0.680 

0.631 








1.20 























1.05 


















0.440 

0.350 

6. ‘426 

0.580 

0.990 

1.50 

2.20 

4.55 

6 . 10 

8.34 

9.75 





0.907 

0.814 

0.750 

0.598 

0.650 






8.85 










7.85 










6.86 

0.435 

0.260 

0.316 

0.365 

0.870 

i .22 

2.50 

3,30 

4 . 30 

5 22 

4 52 

0.435 

0.226 

0.256 

0.305 

0.467 

0.610 

0.900 

i.HO 

2.30 

3.0 

3.73 

0.618 

0.560 





0.370 






2.60 







0.936 

1. IS 


0]497 

6.435 

0.198 

0.210 

0.220 

0.315 

0.400 

0.520 

1.52 

1 90 

0.485 

0.476 

0.424 

0.417 




0.308 






1 ,77 

0.430 



6 ; 2 i 5 

0.304 


0.485 




1 74 







1 23 

0.390 

6 ! iso 

0.185 

0 . 11)8 

0.256 

0.230 

0.310 

0.372 

’o!5H() 

’ ’o’750 

0 940 

1 . 170 

0 950 

0,383 

0.331 

0,260 










0.385 

0,156 

0.186 

0.175 

0 . IK 5 

0.200 

0.210 

0 ’ 270 

0 305 

0 343 

0 402 

0 220 




0 , 178 






0 3 ( K ) 

0.200 

0.375 

0.151 

0.160 

o.Mos 

0 . 175 

0 . 180 

0, 183 

0 210 

0 ’ 225 

0 250 

0 270 

0.184 

0.178 

0.175 





0 . 160 






0 246 





0 . 164 






0 2,35 

0.360 

0. 144 

0.150 

0. 156 

0 . 163 
0.160 

0. 1611 

0 . 169 

0’ 185 

0 . 195 

0 205 

0 228 

0 208 

0.158 

0.155 

0.146 

0.142 

0.130 

0.120 

0.113 

0.107 

0.098 

0.080 

0.072 

0.064 

0.050 

0.040 

0.030 

0.024 

0,010 

0.005 










0.340 

0.330 

0.320 




0 , 156 


0 . 162 


0 . 170 

9 176 

0 ! 195* 




0 . 153 






0 191 

0. 132 


0 . 149 

0 . 152 


0 157 


0 . 160 

0 I6S 

0 186 


0 . 150 


0 154 


0 16:i 

0 172 

0.310 




0 . 147 


0 . 153 


0 . 155 

0 160 

0.166 






0.280 

0.255 

0.250 

0.245 

0.125 


0. 138 

0 . 142 


0 . 144 


0 i50 

0 152 

0 156 


0 137 



0 146 

o/iis 

O.llO 


6 ! i 32 

0 . 136 


0 137 


0 i39 

0 140 

0 143 


0 . 126 

0 . 130 


0 . 130 


0 . 130 

0 . 130 

0 130 


0. 120 


0 115 

0.205 

0 180 




0. 110 





0 105 




0 . 095 


• 




0 093 

0.165 

0 117 




0 . OHO 






0 079 




0 059 






0 058 

0.078 




0 . 0385 






0 1)380 










* Reprinted from the "Handbook of ChenUHtry and PhyHics" by pormiasioii «)f tin* ( 'hc^iiural Uiihln^r ( ’t>n»pany. 
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Table V. — Absorption Coeppicients for X-rays and Gamma Rays.* — {Continued) 


X, X.IT. 
X 1000 

Mg 

A1 

s 

Cl 

A 

Ca 

Fo 

Ni 

Cu 

Zn 

Br 

Sr 

Mo 

2.j>0 

2.29 

1.93 

1.74 

1.656 

1.539 

1.484 

1.432 

1.389 

1.377 

1.293 

1.280 

1.235 

1 . 104 
1.071 
1.038 
l.OOO 
0.980 
0.949 
0.932 
0.900 
0.892 
0.880 
0.862 
0.850 
0.814 
0.780 
0.710 
0.680 
0.631 
0.618 

0.660 
0.497 
0.485 
0.476 
0.424 
0.417 
0.380 
0.331 
0.260 
0.220 
0.200 
0.184 
0. 178 
0.175 
0.158 
0. 155 
0.146 
0.142 
0.130 
0.120 
0.113 
0.107 
0.098 
0.080 
0.072 
0.064 
0.060 
0.040 
0.030 
0.024 
0.010 
0.005 

161 

193 

150 

93.5 

83.0 

60.7 

49.0 

355 

285 

173 

400 

315 

198 

476 

355 

235 

620 

480 

306 

147 

115 

71.2 

54 

465 

410 

325 

■ 

M| 









77.2 










no 

91 

126 

103 

143 

114 

195 

163 


63.5 

50.9 

See 

See 


See 

40.8 










40.0 

36.8 

76 

68. 5 

85 

76.7 

93 

85.7 

130 

125 

285 

252 

42 

38.5 

37.0 

307 

260 

252 

230 

175 





31.5 










29.8 

28.8 
26.3 
18.6 

55.3 

m 

72 

102 

212 

233 

225 

208 

165 

next 

next 


next 






21.4 

49.5 

38.0 

55.5 

44 

62.5 

50 

90 

67 

181 

135 



























11.8 

14.12 

26.7 

29.7 

34.5 

40 

100 

121 

130 

page 

page 


page 



12.0 

22.0 

24.5 


42 

86 

mm 

114 












10.4 





74.5 

86.5 

















is . 2 

20.7 

24.0 

34.8 

69.5 

82 

91.2 




36.0 











63.5 

67 

50.5 

38.5 
32.7 
27.0 

74 

66 

59.5 
48. 1 

41 

34 

84.5 

76.7 

67.5 

61.0 

45.3 

36.2 

96.5 

86 

77 

59.0 
52.7 

41.0 




See 








28 





' 






9.90 

11. 0 

13.0 

18.6 

80 

109 

19.9 





fi.OO 

8.40 

9.80 

13.3 

56.8 

72.6 

15.0 

12.5 

88.0 









18.2 
, 13.9 
12.4 

24 

17.9 

15.4 

25 5 

18.4 

16 9 

16.6 

30 7 

21 0 
10,5 





3.50 

’ 

' n!.5o' 

o.no 

32 ! o' 

‘ 49 ! 5 ’ 

50.2 











42 














2. 10 

2*47 

2.i)5 

3.97 

8.45 

6.32 

10 5 
7.70 

11.45 

8.42 

12 3 
9.95 

19 !o 

24. o' 

30.0 

22 



prer 

(diiif; 







‘ '(him 

0.750 

o!850 

I.IO 

2,2S 

1.42 

I.IO 

2 . 89 
1.80 
1.45 
1.24 

3. 16 
200 
1.55 

3 58 
2.32 
1.78 

.A 30 

oiso 

8.20 






0.400 

0.445 

0;.500 

0.030, 

2^4 

'3^32 

4.30 










1.15 

1.12 

0.8f)2 







0.335 

' {)M\ 

"6! 400 

0.400 

0.800 

0.640 

1^ 

1 . 26 
0.990 

’ i ! 00 

' '2124 

2.95 











1 

0.240 

0.280 


0.345 

6.520 

0.515 

0.424 

0.308 

0.337 

mum 

0.680 

0.670 

0.551 

0.455 

0.422 






1 


mi 

0.780 



IM 



0.220 
0.200 
0. 189 

o!230 


0.2901 






0.430 

0.537 





0. 195 


0.230 












0. 10(i 

0. 17(1 
0. 194 
0. 15S 
0. 142 


o.2(m 

0.205 
0 235 
0.202 
0,178 
0.140 
0.118 
0.095 
0,080 
0.058 


0.325 

0.258 

0.232 

0. ItlS 
0.155 

0. 120 

0. 100 
0.081 
0.057 
0.0380 

0 308 



0.790 




0.264 




0. 150 
0. 139 


0.180 

0.156 










0.413 






































































• Rupriiited from the ** Handbook of Chuinistry and Physics” by pormiasiou of tho Chemical Kubber Company. 
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Tables V. — ^Absorption Coefficients for X-rays and Gamma Rays. * — { Coviinued ) 



• Reprintod from the “ Handbook of Chemistry and Physics” by permission of the Chemical Rubber Company. 
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Table V. — Absorption Coefficients fob X-rays and Gamma Rays.* — (Continued) 

Atomic Absorption Coefficients 
See Eq. (5-13), p. 79 
Values multiplied by 10^® 


A. 




H 

o 

8 

A1 

13 


Cu 

29 

Mo 

42 

Afi: 

47 

Pb 

82 

HsO 

<H) 

0 . 026 






0.317 

0.626 




2.60 


0. 100 



0.285 



0.724 


3.3 





0.125 

0.04 


0 . 305 


0.385 

0.792 

3.67 

4.8 

21.3 


103. 

0.478 

0.160 

0 . 05 


0.323 

0.376 

0 . 430 

0.889 

5.38 

8.3 

31.0 


53 . 6 

0 . 534 

0.176 

0 . 00 


0.329 

0.395 

0.459 

1.04 

7,55 

11.8 

44.7 

66.5 

86. 1 

0.578 

0.20 

0.05 



0 . 343 

0 . 409 

0.482 

1.19 

9.75 

16.4 

63,5 

107. 

157. 

0.591 

0.25 

0,05 


0.370 

0.440 

0.546 

1.62 1 


29.0 

117. 

203. 

200. 

0.650 

0.30 

0.04 

0.197 

0 . 400 

0.518 

0.641 

2.34 


47.2 

201. 

323. 

485. 

0.730 

0.35 

0.04 

0.215 

0.433 

0.580 

0.763 

3.31 


72.9 


483. 

772. 

0.840 

0 , 40 

0.05 

0.238 

0.476 


0.886 

4.56 

64.5 

106. 

422. 

686. 

1,150. 

0.992 

0 . 50 

0.08 

0.280 

0.602 


1.29 

8.44 


197. 

769. 

204. 

2,070. 

1.458 

0 . 60 

0.09 

0.350 

0.780 


1.92 

14.0 


332. 

1 ,277 

348. 


2.11 

0.70 

0. 10 

0.402 

1 . 052 


2.85 

22. 1 


512. 

297. 



3.04 

0.80 






32.4 

466. 


430. 



4.38 

1.00 


H 


H 


01.6 

830. 


438. 

2,000. 


8.01 


* Uei>rinted from the “Huiidbook of Chemistry and Physics’* by perinissioix of the Chemical Rubber 
Company. 


Table VI. — Wave Lengths of the K Absorption Limits in X-ltnits X 1,000* 


Element 

K limit 

Element 

K limit 


K limit 

12Mg 

<).51 

35Br 

0.918 

OONd 

0 . 284 

13A1 

7 . 1)5 

37IU> 

0.814 

62Sm 

0 . 204 

15P 

5.70 

38Sr 

0.770 

03Eu 

0 . 254 

l()S 

5.01 

39 Y 

0 . 725 

04(J<1 

0 . 246 

17(n 

4.38 

40Zr 

0 . 087 

051'h 

0.239 

ISA 

3.87 

41Ch 

0 . 050 

OODy 

0.230 

I9K 

3.43 

42Mo 

0.018 

07Ho 

0.221 

20(^a 

3.00 

441iu 

0 . 558 

OD'Pm 

0.208 

2 1 Sc 

2 . 75 

45Rli 

0 . 533 

70Vl> 

0.201 

22Ti 

2 . 41) 

40P<1 

0 . 507 

71Lu 

0 . 1 95 

23V 

2 . 27 

47Ag 

0 . 485 

72nr 

0.190 

24( 'r 

2.07 

48(!(1 

0 . 103 

731’a, 

0. 184 

2r)Mn 

1 .8!) 

49 In 

0 . 443 

74 W 

0.178 


L.74 

50Sn 

0.424 

70Ok 

0.108 

27( ’<) 

1 .00 

5 LSI) 

0 . 400 

78 PI. 

0.158 

28 Ni 

1 .4!) 

524'o 

0 . 388 

79 A u 

0.153 

2!K \i 

1 .38 

531 

0.371 

80 Mg 

0 . 148 

3()Zn 

1 .30 

55Cs 

0 . 344 

SITI 

0.144 

31(J!i 

1 .11) 

50 Ba 

0.331 

82 Pb 

0.140 

32( J(i 

1.11 

57La 

0.319 

83 Bi 

0.136 

33As 

1 .04 

58Co 

0 . 300 

DO'Ph 

0.113 

34S<^ 

0.1)8 

51) Pr 

0 . 295 

1)211 

0.107 


* M. Sibisbahn, " Speotroaoopio dor Rontgenstrahlen, ” Verlag Julius Springer, Berlin, 1924. 



















Table \1L — Mendelyeev'S Periodic Table of the Elements 

Group of elements 
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Table VIII. — Arrangement of Electrons in Orbits* 


The following table gives, for each element, the atomic number and the arrange- 
ment of electrons in orbits. For a complete explanation of the significance of the 
data presented, see text. 



*** Reprinted from ilio “Handbook of (.JhemiHtry and PhyaicH” by periuiaHion of Chemioul Rubber 
Company. 
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Table VIII.— Aerangement of Electrons in Obbits.* — (Continued) 


ment 




K 

L 

M 

N 

O 

P 

Q 

Ele- 

At. 










no. 


Ag 

47 

Cd 

48 

In 

49 

Sn 

50 

Sb 

51 

Te 

52 

I 

53 

Xe 

54 

Cs 

55 

Ba 

56 

La 

57 

Ce 

58 

Pr 

59 

Nd 

60 

11 ... 

61 

Sa 

62 

Eu 

63 

Gd 

64 

Tb 

65 

Ds 

66 

Ho 

67 

Er 

68 

Tu 

69 

Yb 

70 

Lu 

71 

Hf 

72 

Ta 

73 

W 

74 

Re 

75 

Os 

76 

Ir 

77 

Pt 

78 

Au 

~79~ 

Hg 

80 

Tl 

81 

Pb 

82 

Bi 

83 

Po 

84 

— 

85 

Rn 

86 

— 

87 

Ra 

88 

Ac 

89 

Th 

90 

Pa 

91 

U 

92 


Is 

2s 

2p 

3s 

3p 

3d 

4s 

4p 

2 i 

2 

6 

\_2_ 

6 

10 

2 

^ 


Shell 


Orbit 


4d 


10 


4/ 


. (46, Ag core) . 


2 I 6 I 10 I 2 I 6 I '10 




5p 


, (54, Xe core) , 


2 I 6 ^2 I 6 I 10 I 2 I 6 I 10 


. (46, La) . 


"2 1 6 (V | "10 r 2 I 6 I 10 I 14 | 2 | (> 


1 I 2 I () 

2 

3 

4 

fi 


t) 

() 

7 

8 
9 

10 
1 L 
12 

13 

14 


(8, La) 


(68, 11 f core) . 


2 1 6 


6 1 10 I 2 J i) 1 10 I 11 


.(78, Au coiiO. 


6 I 10 


6 I 10 I 14 


5d 


1 

1 

1 

L 

1 

I 

I 

1 

1 

I 

1 

I 

I 

I 

1 

2 

3 

4 

5 

6 
6 
7 

7 

8 
1) 

10 

10 


2 I (i i 10 


GiJ Op Gd 


ic>Hi 

1 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
o 


(6/0 


m 


78 


. (86, H n . 


t7«) 

I 


Ooiiipany. 


Table IX. Ixtebnational Table of the Radioactive Elements and Their Constants* 
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Isotope 

U 

Th 

Pa 

U 

Th 

Ra 

Rn 

Po 

Pb 

^ .pH O pP «t-i ^ o3 O ^ ^ 

pqpmpnpqpHpH PQH Ph pEnPH-^HPi 

Radiation 
( ) weak 
radiation 

s«a.'£'8 a~^ti 

m s 9a. ^ 05 8 

« S; s 

05 

05 

CO 

O 

o 

^ oa a ; S « 

: « 

Fraction 
transformed 
per scCm X 

^ <0 CO ^ 

2 V 2 r • ' ‘ 

Trk ^T'ooo 

fmmm. C • rH rH rH 

o O 2 I-H 

vXXX 

o ^ ^ o 

t^S ^Ol'^OOOOCO 

^04^^,. 

OO M ,.4 0^- ^ 

•«< Ok tfi cn 

1 til 

0^000 

1— 1 e^. »-H »-H I-H 

X ^ X X X 

CV4 2 CO ^ O 

05 eo CD 05 

ifj) 1^ V— 1 XO 

tH» « 

1 1 
o o 

1-H »—• 

X X 

OO CO 

1-H 00 


» 2 ® *r T 

o is o 2 g 

X X X ^ ^ 

OO OJ ’1 o 

^ 1-H ^ 

Average life 

1 

e = - 
X 

b 

«L >* .S cT H .2 .£ 

OcaP« ^*^^ac 
Po p c 

X ‘p S 

CO 

KO 

28.1 min. 
10“* sec. 

23.8 yr. 

7.2 days 

196 days 


2.0 min. 


£0 ^ • S. g 

^ h I? & 

^ 00 ^ ^ 

X 00 

^ S 00 

JtH. ^ (M 1-H 

1-H 

Half period T 

4.67 X 10» yr. 
24.6 days 
1.15 min. 

2 X 10‘ yr. 

6.9 X 10^ yr. 
1690 yr. 

3.85 days 

3.0 min. 

26.8 min. 

19.5 min. 
10”* sec. 

16.5 yr. 

5.0 days 

136 days 


1.4 min. 


1.04 days 

1.2 X 10* >T. 

20 yrs. 

19.5 daj'S 

11.4 days 


a ^ 

o S 
< a 


CJO’-HC‘4O00CD'^<M00 
00:»05<7>0i 00 00 00 00 00 


CQ 

GO OO QO QO OO 


*3 

P bO 

S 9 

■< f* 


OO'^'^'^OOClQO'^'rfi'^OOO^ 
^4 04 04 04 04 04 04 04 04 04 04 04 04 04 04 


CO rH 
00 00 


^ o 

r-^ 

04 04 


04 

OO 


o 

04 


04 O »-< OS O OO 
0:> Oi CT> 00 05 OO 


CO C* ■ C" ■ 
04 



-rl pq O b Q W ft, C: S cj b 

^ cflPc303«Jc3c3c3c3c3^c3 cl 
pp|:jph2pHpHPnlPcif«pHpHPn;p:JP^pHCc;p:; 


CJ 

cd 

p=: 


p 

p 

* rH 

'O 

03 

u 

TS 

P 

c3 

s 

p 

1 


a a 

P P 

*a *3 

p p 

i-i 

p p 


p 

p 


H 

a s 

p p 

■a -p 

03 P 

p p 


° pH 


rt 

P 

rt 


a 

.2 

03 


P 

O 

"i 

Ph 


P 

a* 


-T3 


P 

"o 

a 


o O W C! 


p p p a p p 


p p 
p p 


p p 


-T3 x» 'P 
c3 q3 

pj p; p:: 


"S 


Pi K K M Pi 


O S 

a -2 

3 "S 
Pi 


I 

•T^ a 

p p 

P=5 ^ 

p 

p:; 




I rt C* VJ w 

Ui P -rj Pi 


< X 
^ ' 


0^ ^ 


c 


p b 
p .p> 

*a ’S 

c3 cd 


■a p p» 




p 

a 

-I-' 

p 
p 

4-« 

P 
Oj 

a 

p 
’p 

• ^ I— H 

o P 
ca .2 
o fl 
't; 
o 

p 


p 
•2 
p ^ 

" I 

eS fl 

.2 -a 

na -c 

P C,^ 
Ph -»J 


* 


Reprinted from the •Handbook of Chemistry and Phj-sics” by permission of the Chemical Rubber Company. 
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X-RAYS IN PRACTICE 


Table X. — Crystallographic Data* 

(f.c. = face centered; b.c. = body centered; c.p. = close packed; c. = cubic; tet. 
= tetragonal; hh. *= hexagonal division, hexagonal system; hr. =» rhombohedral 
division, hexagonal system; o. = orthorhombic; m. = monoclinic; tri. = triclinic) 


Compound 

Crystal 

system 

Type 

a 6 c 

Axial 

angle 

Space 

group 

Mole/ 

cell 

A(-235°C.) 

c.f.c. 

Cu 

5.43 



4 

Spacings: 2.36 A.C100%); 2.04 A.(53%); 1.232 A.(53%); 1.445 

A. (27%) 


Ag c.f.c. Cu 4.0776 

2.36(lst reading always 100%); 2.04(53); 1.232(53); 1.445(27) 



4 

AgBr c. 

2.88; 2.03(60); 1.66(20); 1.289(20) 

NaCl 5.755 



4 

AgNOg o. 

3.00; 4.51(50); 4.08(50); 3.66(38) 


6.97, 7.34, 10.14 


8 

Ag 20 c. 

2.72, 2.36(40); 1.67(24); 1.422(16) 

CuttO 

4.72 



2 

A1 c.f.c. 

2.33; 2.02(40); 1.43(30); 1.219(30) 

Cu 

4.041 


Cl 

4 

AlaO,! (corundum) hr. 

2.08; 1.59(100); 2.55(75); 3.47(50) 


5.12 CO = 

= .55 “17 

' Cl, 

2 

As hr. 

2.76; 1.88(20); 2.04(13); 1.56(8) 

As 

1.151 CO 

= 53“ 1« 


2 

Au 

2.35; 2.03(53); 1.227(40); 1. 

c.r.c. 

439(33) 

(’ll 

1.070 


Cl 

4 

Ba (\l).c. 

3.54; 2.04(100); 2.51(50); 1.77(50) 

W 

5.015 


Cl 

2 

Ba(NOa )2 c. 

2.44; 4.69(75); 2.34(50); 1.8(5(40) 

Bj|.(N 

S. 1 1 


n 

4 

BaO <.. 

3.20; 2.75(88); 1.95(75); l.(i()(50) 

NaCI ;■ 

>.50 


cl 

4 

Be hh. (‘.p. 

1.73; 1.97(20); 1.79(14); 1.328(12) 

Mg 2.27 . . . 

3.(51 

CL 

2 

Bi lu-. 

3.28; 2.35(50); 2.27(50); 1.86(30) 

As 1 

.741) to == 

= .57 “1(5' 

CL 

2 


* Compiled from Ind. Em. Cliem.. Anal. Ed. 30. 4rj7-r>rj (lu;i8) luwl fi(.m t.lm “ Hiindliook of (’h<Mn- 
iati y and 1 hysicH, by permiHHion of .]. O, Ffimawiiltt 1-b(^ American C^lH*uii<'id Society, and the (Mieinitail 
Rubber Company, 
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Table X. — Crystallogbaphic Data.* — {Contirvued) 


compound 

Crystal 

system 

Type 

a b c 

Axial 

angle 

Space 

group 

Mole/ 

cell 

C (diamond) c. 

2.05; 1.26(50); 1.072(40) ; 0.721(40) 

diamond 

3.5597 


01 

8 


C (graphite) hh. 2.45 . . . 6.70 Dg/t 4 

3.37; 2.02(60); 1.155(50); 1.227(35) 


Ci2 H220 iiH20 spacings: 4.51 


5.4(35); 4.20(30); 3.73(25) 


CaoH, 

so (nonicosane) 

o. 



7.45, 4.97 

', 77.2 

yr 

4 

CHa(CH2)i6COOI-I 

m. 


5.546, 7.381, 

00 

bo 

= 63°38 

/ 

4 

(/S) (stearic acid) 

m. 


5.68, 7.39, 50.7iS = 60“ 


0\h or 

4 









at. 


Ca 





Cu 

5.56 


01 

4 

3.21; 

2.80(30); 

1.97(20); 

1.68(20) 







Ca(^2 



t('t. 



3.87 . . . 

, 6.37 

riVi * 

^ Ah 

2 

2.74, 

3.18(50); 

2.08(44); 

1.93(31) 







('aC'Oa 


hr. 


NaKO« 

().3()1 CO 

= 46“6' 

Vta 

2 

3.04; 

1.92(32); 

2.28(24); 

1.87(24) 







CaCl 

o 4.49; 3.0 

15(80); 2.33(60); 1.90(36 

) 





('uKa 



c. 



5.451 


Oi 

4 

1.93; 

3.16(67); 

1.65(50); 

1.1 17(30) 







Ca(OH).. 


llll. 


(UII2 

3.58 . . , 

. 4.90 

Ola 

1 

2.63; 

1 .5)3(50) ; 

1.93(50); 

1.79(40) 







( 'jiO 





NaC:i 

4.797 


01 

4 

2.39; 

1.69(63); 

2.76(40); 

1.071(25) 







('h 





W 

3.03 


o\ 

2 

2.33; 

1.31(32); 

1.65(20); 

1.041(10) 







('d 



Idl.C. 

P- 

Mg 

2.97 . . 

. 5.61 

i>\„ 

2 

2.34; 

2.80(40); 

2.58(30); 

1.310(27) 







«-(5o 



c..r.( 

1 . 

Cu 

5.12 


ol 

4 

j8-Co 



ld).<\ 

P- 

Mg 

3.65 - . 

. 5.91 

i>ik 

2 

3.20; 

2.81(72); 

1.85(40); 

1.96(24) 








* Compiled from Ind. Ena. Cheni., Anal. Ed. 30 , 457-512 (11)38) and from tho “Handbook of Chem- 
istry and PhynicK,” by periniHwion of J. D, TTuruiwalt, the American Chemical Society, and the Chemical 
Rubber Company. 
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X-RAYS IN PRACTICE 


Table X. — Cbystallogbaphic Data.* — {Cordinued) 


Compound 

Crystal 

system 

Type 

a h c 

Axial 

angle 

Space 

group 

Mole/ 

cell 

a-Co c.f.c. 

2.04; 1.77(44); 1.253(22), 1.066(22) 

Cu 

3.554 


01 

4 

)3-Co 

hh.c.p. 

Mg 

2.514 . . 

. 4.105 

DL 

2 

a-Cr 

2.03; 1.174(30); 1.437(17); 

c.b.c. 

1.018(3) 

W 

2.878 


01 

2 

iS-Cr 

hh.c.p. 

Mg 

2.717 . . 

. 4.418 

DU 

2 

Y-Cr 

c. 

a-Mn. 

8.717 


rriZ 
^ d 

58 

Cs(-173°C.) 

c.b.c. 

W 

6.05 


01 

2 

Cu c.f.c. 

2.08; 1.81(53); 1.277(33); 1.089(33) 

Cu 

3.608 


01 

4 

CuaO c. 

2,45; 1.51(44), 2.12(31); 1.283(31) 

CU 2 O 

4.27 


Ot 

2 

CuO ti*i. 

a = 85°21' /3 ^ 

2.51; 2.31(100); 1.85(20); 1.408(20) 

3.74; 4.67, 4.67 
= 86°25' y = 93°35' 


4 

CuS 04 - 5 H 20 tri. 6.07, 10.78, 5.89 « 

/3 == 107‘’8'; r = 102®41' 

4.70; 4.00(58); 3.70(50); 5.6(42) 

= 82 °5' 


2 

CuZn 

c. 

CsCl 2.945 


Ok 

1 

C^u fiZiig 

c. 

8.85 


^ d 

52 

Er 

lih.(!.p. 

Mg 3.74 . . . 

6.09 

DU 

2 

a-Fe c.b.c.. 

2.01; 1.166(38); 1.428(15); 1.010(10) 

W : 

2.861 


01 

2 

;8-Fe(800°C.) 


W 2.90 


01 

2 

'y-Fe(1100'‘C.) 

c.f.c. 

Cu 3.(53 


01 

4 

S-Fc(1425°C.) 

c.b.c. 

W 2.93 


01 

2 


* Conitjiled from I-nd. Eng. Chem., Ajial. Ed. SO, 4.'37-r>12 (1938) and from the “ Ilundbook of Choin- 
iwtry and PhysicH,” by permission of J. D. Hanawult, the American Cheiiiicul Society, and tlie Cheniieal 
HuVjber Company. 
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Table X. — Crystallographic Data.* — {Continued) 


Compound 

Crystal 

system 

Type 

a 6 c 

Axial 

angle 

Space 

group 

Mole/ 

cell 

FcsC (cementite) 

o. 

4.518, 5.069, 6.736 


yr 

4 

Fe^N c.f.c. 

2.18; 1.88(40); 1.136(30); 1.332(20) 


3.789 



1 

FeaOa (hematite) hr. 

2.69; 2.51(76); 1.84(63); 1.69(63) 


5.42 w = 

= 55°17 


2 

-y-FcaOa (magnetic) 

c. 


8.30 




Fe;t 04 (magnetite) c. 

2.53; 1.483(80); 1.61(64); 2.10(32) 

MgAlaO* 

8.37 


oi 

8 

FeS 2 (pyritc) c. 

1.63; 2.70(75); 2.42(45); 1.91(45) 

FeSa 

5.41 


n 

4 

Ga 

Ga 

simple tet. 

o. 

4.51 ... 7.6 
4.517, 4.511, 7.645 

JKl 

8 

Go 


diamond 

5.65 


ol 

8 

1I,.(-271°C.) 

hi). 


3.75 . . , 

. 6.11 


4 

3. Hi; 5.9(17.5); 2.23(13). 2.()2(C)) 

H«0(iee, -2(rG.) hh. 

3.67; 2.0()5(50); 3.44(20); 1.368(20) 


4.535 . . 

. 7.41 


4 

irg(-46°C.) 

Hg 

hr. 

hr.f.<\ 


2.997 w 
4.578 w 

= 70 “32' D\,i 
= 9S°13' 

1 

4 

Hg(;ia o. 

4.35; 3.00(75); 2.70(50); 3.40(38) 

4.307, 

5.936, 12.67 


4 

TIg2(!l.. t(4,. 

4.16; 3.17(100); 1 97(80); 2.06(60) 


4.47 . . . 10.89 

I>\1 2 

[rg8(eiimaha.r) hlu 

2.85; 3.36(83); 1.97(33); 3.16(27) 


4.14 . . 

. 9.49 

l)l or 

3 

HgS e. 

3.37; 2.06(30); 1.76(30), 2.92(16) 

ZnS 

5.84 


ni*i 
^ ii 

4 


* Coini)iI<!(l from Itid. ISno. Chent., Att-al, 30 , ‘liiT— fliii (1038) iiikI from t.ho “ Handbook of Chtsm- 
iwtry and PliyHicB,” by pennitiHion of J. D. Haiuiwult, the .Aitiorioun Choniieiil Society, and the Chemical 
Rubber Company. 
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X-RAYS IN PRACTICE 


Table X. — Crystallographic Data. * — {Contin/ued) 


Compound 

Crystal 

system 

Type 

a h 

c 

Axial 

angle 

Space 

group 

Mole/ 

cell 

Hf 

hh.o.p. 

Mg 

3.20 . 

• * 

5.08 

Dtn 

2 

la o. 

3.69; 3.09(100); 1.97(30); 2.02(20) 

4 la groups 4.795, 7.255; 

, 9.780 

00 

8 

In tet. f.c. 

2.72; 2.29(40); 1.68(30); 1.395(30) 


4.583 

- • 

. 4.936 


4 

Ir c.f.c. 

2.20; 1.91(50); 1.153(36); 1.352(28) 

Cu 

3.823 



0 \ 

4 

K c.b.c. 

3.75; 2.16(30); 2.56(16); 1.87(4) 

W 

5.333 



01 

2 

KH2Al2Si3A10i2(mica) 

m. 

5.18, 9.02, 20.04 


= 95°30' 


KCl(sylvine) c. 

3.13; 2.21(60); 1.81(14); 1.401(12) 

NaCl 

6.28 



01 

4 

a-KaCraO, tri. 

/3 = 96° 

3.29; 3.02(75); 2.85(63); 3.68(50) 

7.50, 7.38, 13.40 

13', T = 90°5l' 

€X 

= 82 °0' 


4 

/3-IC20ra07 

ni. 

7.47, 7.35, 12.97 

|S 

= 91°55' 

4 

K2SO4 0. 

2 . 88 ; 3.00(80), 2.08(40), 4.19(24) 

K.2SO4 

5.731, 

10 . 01 , 7.42 

4 

KCIO 3 ni. 

3.45; 2.79(40); 2.86(30), 2.10(30) 

4.647, 5.585, 7.085 /S 

=:= 

109°38' 

' 2/1 

2 

KBr c. 

3.29; 2.33(42); 1.468(17); 1.89(10) 

Nac::i 

0.578 



01 

4 

KI c. 

3.53; 2.50(80); 4.08(40); 2.03(32) 

NaCI 

7.052 



Ol 

4 

KCN r. 

3.26; 2.30(63); 1.96(13); 3.77(10) 

NuCI 

6.55 



01 

1 

KOH 2.69; 1.98(83); 2.93(67); 3.13(23) 

Kr( - 252.5 °C.) 

c.f.c. 

CUi 

5.59 




4 


* Compiled from Ind. Eng, Chem,, Anal, Ed, 30, 457-512 (1938) and from tihe Handbook of Chem- 
istry and Physics/' by permission of J. D. Hanawalt, the American Chemical Society, and the Chemical 
Rubber Company. 
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Table X. — Crystallographic Data.* — {Continued) 


Compound 

! 

Crystal 

system 

Type 

a h c 

Axial 

angle 

Space 

group 

Mole / 
cell 

La 

hh.c.p. 

Mg 

3.72 . . . 

6.06 

DU 

2 

|8-La 

c.f.e. 


5.296 




Li c.b.c. 

2.48; 1.430(20): 1.75(17); 1.240(3) 

W 

3.50 


01 

2 

T.iF c. 

2.00; 2.32(67); 1.419(23); 1.211(3) 

NaCl 

4.01 


oi 

4 

Mg hh.c.p. 

2.45; 2.77(30); 2.60(25); 1.90(20) 

Mg 

3.203 . . 

. 5.196 

Dth 

2 

MgO e. 

2.10; 1.485(75); 1.213(15) ; 2.42(6) 

NaCl 

4.203 


01 

4 

MgSO.i'7H20(opsom salts) o. 

4.22; 2.66(40), 5.9(20), 5.3(20) 


11.91, 12.02, 6.87 

V* 

4 

MfrCli hr. 

1.80; 5.9(63); 2.53(63); 2.94(31) 

CdCla 

6.22 w = 

= 33“36' D\d 

1 

a-Mn c.h.c. 

2.09; 1.210(28); 1.89(20); 1.74(16) 

a- M n 

8.894 


f/tli 

^ d 

58 

jS-Mn c. 

2.10; 2.00(66); 1.237(30); 1.00(27) 


6.300 


0« or CP 20 

7- Mil 

tot. r.c. 

In 

3.774 . . 

. 3.526 1)Z 

4 

MnO c. 

2.22; 2.56(66); 1.57(66); 1.339(23) 

NaCl 

4.435 


oi 

4 

MnOa t<4.. 

3.1 1 ; 2.40(50); 1.62(50); 2.12(12) 

HnO. 

4.44 . . 

. 2.89 

Dlt 

2 

KMn(L 

3.22; 2.95(80), 3.57(60), 4. 

<). 

55(50) 

liaS()4 

9.10, 5.69, 7.40 

vr 

4 


* C’ompilwl from Tnd. Ena. Chem., Ana,!. Ed. 30, 457—512 (1938) and from the “Handbook of Chem- 
istry an<l Phy.sioH,” by permiasioti of J. D. Hanawalt, the American Chemical Society, and the Chemical 
Rubber Company. 
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X-RAYS IN PRACTICE 


Table X.— Crystallographic Data.* — (Continued) 


Compound 

Crystal 

system 

Type 

a b c 

Axial 

angle 

Space 

group 


MnCla 

hr. 

CdCla 

6.20 cj = 

= 34°35 

' D\a 

1 

5.8; 1.84(80); 2.57(70); 3.12(50) 






Mo 

c.b.c. 

w 

3.140 


Ol 

2 

2.22; 1.281(57); 1.57(36); 0.995(23) 






N2(-252°C.)(4N2) 

c. 


5.66 



8 

NH4CI 

c. 

CsCl 

3.866 


Ol 

1 

2.72; 1.57(25); 3.85(15); 1.92(12) 






Na 

c.b.c. 

W 

4.30 


Ol 

2 

8.02; 1.75(20); 2.13(15); 1.51(5) 






NaBr 

c. 

NaCl 

5.94 


Ol 

4 

2.96; 2.09(63); 3.44(45); 1.329(35) 






NaHCOa 

m. 

7.51, 9.70, 3.53 = 

= 93°19' C\u 

4 

2.94; 2.58(48); 3.49(16); 3.04(16) 






NaCl 

c. 

NaCl 

5.628 


Ol 

4 

2.81; 1.99(83); 1.63(33); 1.260(33) 






NaF 

c. 

NaCl 

4.62 


ol 

4 

2.32, 1.64(60); 1.336(16); 1.035(8) 






NaOH 2.35; 1.70(30); 1.65(25); 2.85(20) 

Nal 

c. 

NaCU 

6.46 


Ol 

4 

3.22; 3.74(83); 2.29(83); 1.95(58) 






NaNOs 

0. 


3.55, 5.56, 5.37 


2 

2.97; 2.78(40); 2.02(40); 2.00(23) 






NaNOa 

hr. 

NaNO:, 

().32 CO 

= 47°1.' 

y Oh 

2 

3.03; 2.31(30); 1.89(25); 2.11(8) 







NaaP04 2.55] 4.25(48); 2.70(48); 1.91(48) 


NaaSOi o. 5.85, 12.29, 9.75 VV 8 

2.78; 1.87(53); 4.66(40); 3.18(33) 

Ne(-268°C.) c.f.c. Cu 4.52 Ol 4 

^ Compiled from Ind. Eng. Chem., Anal, Ed, 30 , 457-512 (1938) and from the *‘Handl)ook of Chem- 
istry and Physics,” by permission of J. D. Hanawalt, the American Chemical Society, and the Cheini<Mil 
Rubber Company. 
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Table X. — Crystallographic Data.* — {Continued) 


Crystal 

system 

Type 

a h c 

Axial 

angle 

Space 

group 


Compound 


Mole/ 

cell 


« Ni hh.c.p. 

c.f.c. 

2.03; 1.76(50); 1.244(32); 1.061(32) 


Mg 

Cu 


2.66 . 

3.517 


4.29 


DU 

Ol 


2 

4 


NiS04-7H20 o. 

4.20; 5.3(60); 2.85(25); 3.75(16) 


MgS04-7H20 11.86, 12.08,6.81 V* 


02(-252°C.) 

O2 

02(-233“C.) 


o.b.c. 

hr. 

c. 


5.50, 3.82, 3.44 
6.19 w = 99.1° 

6.83 T% 


Os hh.c.p. 

2.07; 2.36(20); 2.16(15); 1.363(13) 


Mg 


2.724 . . . 4.314 Di 


OA 


PaOfi hh. 

5.4; 5.2(53); 3.02(53); 3.27(33) 


11.12 . . . 1.12 


Ph c.f.c.. 

2.85; 2.47(50); 1.74(50); 1.49(50) 


Cu 


4.941 


05 


Pb('l2 <>• 

3.57; 3.87(88); 2.77(75); 2.50(50) 


HgCl-i 4.490, 7.007, 9.153 


Vi' 


PbO(ro<l) tcfc. 

PbO(y(i!llow) o. 

3.06; 2.93(25), 2.72(25); 1.71(25) 


PbO 3.98 . . . 5.01 
5.50, 4.72, 5.88 


vi: 


PbaO 


c. 


OuO 


5.38 


Oh 


PbOi 

3.49; 2.78(100); 1.84(100); 2.40(28) 


SnO., 


4.97 . . . 3.40 D'A 


Pb«()4 3.35; 2.88(43); 2.70(43); 2.02(28) 


2PbCO.rPb(OH)2 3.28; 2.02(100); 3.01(83); 4.45(33) 


Cu 


3.879 


oi 


4 

6 

8 


P (metallic) 

P (metallic) 

P (black or red) 

hr. 

hr. f.e. 
o.f.c. 

As 

5.14 

5.96 

3.31, 

CO = 

CO — 

4.38, 

34 °7' 
60°47' 
10.50 

DU 

2 

8 

8 

P( — 35°C.; yellow) 

c. 

(41%) 

7.17 





lb 


12 


2 

4 


Pd c.f.c. 

2.23; 1.94(50); 1.371(27); 1.170(27) 

. Conipilod from M. Kna. Ckem.. Anal. BA. .0, 457 -m2 ( 1I«M) m.,1 fn.„. Urn 
IMry and Phyaic." by of J. D. Hanawall. Iho A.i.orui.m C honuool So.-.oty, ond 

Rubber Company. 
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X-RAYS IN PRACTICE 


Table X. — Cbystallogkaphic Data.* — {Continued) 


CJoinpound 

Crystal 

system 

Type 

a h c 

Axial 

angle 

Space 

group 

Mole/ 

cell 

Pt c.f.c. 

2.25; 1.95(30); 1.382(16); 1.178(16) 

Cu 

3.9142 


01 

4 

Ilb(-173°C.) 


mQQui 

W 

5.62 


01 

2 

Re 

2.10; 2.38(33); 2.22(20); 

hh. c.p. 
1.379(17) 

Mg 

2.765 . . . 

4.470 

DL 

2 

Rh c.f.c. 

2.20; 1.90(50); 1.146(40); 1.345(30) 

Cu 

3.7944 


01 

4 

Ru 

2.04; 2.33(40); 2.13(30); 

hh.c.p. 

1.213(30) 

Mg 

2.695 . . 

. 4.273 


2 

S o.f.c. 

3.85; 3.21(50); 3.10(38); 2.85(38) 

10.48, 12.92, 24.55 

yj. 

128 

Sb 

3.10, 2.24(63), 2.14(63); 

hr. 

1.76(44) 

As 

4.501 CO 

= 57“5 


2 

Sb 


hr. f.c. 


6.226 CO 

= 87 “24' 

8 

Se hh. 

3.02; 2.07(40); 3.78(33); 2.00(33) 


4.377 . . 

. 4.944 

D\ or 

3 

a-Se (4Se8) 


m. 

= 91°34' 

8.99, 8.97, 11.52 


32 

i8-Se 


m. 

12.74, 8.04, 9.25 j8 = 

: 93°04' 


32 

Si 

3.12; 1.91(100); 1.63(63) 

e. 

; 1.104(40) 

diamond 

5.42 


Ol 

8 

Si02(a:-cristobalite) 4.04; 

; 2.48(32); 2.85(20); 3.13(16) 





Si02(i8-cristobalite) 


c. 


7.12 


ol 

8 

Si02(ar-quartz) hh. 

3.35; 4.25(25); 1.82(25); 1.375(25) 


4.903 . . 

. 5.393 

IK or 

Ol 

3 

SiC (commercial) 


2.51; 1.54(80); 1.312(60); 2.36(40) 





* Compiled from Ind,. Bug, Chem,, Anal. Ed, 30 , 457—512 (1938) and from the “ Handbook of Choni- 
istry and Physics,” by permission of J. D. Hanawalt, the American Chemical Society, and the Chemical 
Rubber Company. 
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Table X. — Crystallographic Data, * — {Continued) 


Compound 

Crystal 

Type 

a h c 

Axial 

Space 

Mole/ 

system 

angle 

group 

cell 

a!-Sn (gray) 

c. 

diamond 

6.46 


01 

8 

/8-Sn (white) 

tet. 

double b.c. 

5.818 . . 

. 3.174 

T)19 

4 

2.91; 2.79(80); 2.01(80); 2.05(32) 





SnOa 

tet. 

SnOa 

4.72 . . . 

3.16 


2 

3.34; 2.64(63); 1.75(63); 2.36(18) 





Sr 

c.f.c. 

Cu 

6.075 


0% 

4 

3.50; 1.83(100); 3.03(60); 2.14(20) 





Ta 

c.b.c. 

W 

3.281 


oi 

2 

2.33; 1.346(30); 1.65(20); 1.165(5) 





Te 

hh. 

Se 

4.495 . . 

. 5.912 

D\ or 

I>% 

3 

3.24; 2.34(48): 2.22(32); 1.83(28) 





Th 


Cu 

5.074 


Oi 

4 

2.92; 2.53(50): 1.79(38); 1.52(31) 





Ti 

hh.e.j). 

Mg . 

2.951 . . 

. 4.692 

DU 

2 

2.23; 2.54(27); 2.34(20); 1.72(13) 





Ti( laOinjil aK(‘ ) 

1(4.. 


3.73 . . . 

9.37 

7)19 

■‘■'Ah 

4 

3.52; 1.88(10): 1 .70(28 ); 2.37(24) 





'’ri02(rnt ile) 

(et. 

SiiOa 

4.58 . . . 

2.95 

l>\i 

2 

1.69; 3.24(80); 2.40(60); 2.19(30) 





«-'ri 

hli.c.p. 

Mg 

3.450 . . 

. 5.520 

DU 

2 

2.62; 3.00(10); 1.73(20); 1.56(20) 





ir 


W 

3.43 


oi 

2 

V 

c.b.c. 

w 

3.011 


oi 

2 

2.14; 1.230(20): 1..5I(7); 1.072(3) 





W 

c.b.c. 

w 

3. 1 583 


Oi 

2 

2.23; 1.200(71 ): (‘.846(31); 

1.58(20) 






WC 

hh. 


2.901 . . 

. 2.830 


1 

Xo(- 173"(^) 

c.f.c. 

Cu 

6.18 


Oi 

4 


* C'<)inpilr<l from In<L Knu* Chvrn., Anal, Ed, 30, 4r>7~ijlli (lUIi8) iin<l from tha IlHii<ll)ook of Choiii- 
istr.N' *iim1 PhyHi<*H.'’ hy pri iniMsion of J. I). Maiiawnlt, tho Ain(‘ri<Min CMkmi liojil S<>(*i(*ty, and tho Choiuicnl 
KuIiImm- C'ompiiny. 
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x-ms m PRACTICE 


Table X.— Cristallogeaphic J)ifK.*-{C(mli'imi} 


Compoimd 

J 


Type 

ab c 

Axial 

angle 

Space 

group 

Mole/ 

cell 

t 

Zn 

hh.c.p. 

Mg 

2.66 . . . 

4.93 

K 

2 

2.08; 2.46(25); 2 J(20)i 1.33(18) 






ZuO 

hh. 


3.25 . . . 

5.23 

Cl, 

2 

2.46; 2.81(50); 2.61(30); 1.61(30) 






ZnSOi-ZHjO 

0. 

MgSOj^HiO 11.85, 12.09, 6.83 

V* 

4 

4.20; 5.3(60); 3.44(30); 2.87(30) 






ZnCI, 

hr. 

CdCl, 

6.31 u = 

oo 

o 

CO 

11 


1 

3.06; 4.79(67); 1.86(33); 2.34(20) 






Zr 

hh.c.p. 

Mg 

3.223 . . 

. 5.123 


2 

2.44; 2.78(31); 2.56(20); 1.88(18) 







* Compiled from Ind. Eng. Chem., Anal. Ed, 80, 457-512 (1938) and from the “Handbook of Chem- 
istry and Physics," by permission of J. D, Hanawalt, the American Chemical Society, and the Chemical 
Eubber Company. 
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Table XI. — Crystal Types; Unit-cell Configuration 

(After WyckofE.) 


Face-centered cubic 
(copper) 


000; HO; |0^; OH 


Hexagonal close-packed 000; -f-H' 

(magnesium) 

c/a = 1.63 for true close packing 
For zinc and cadmium, c/a = about 1.86 


Body-centered cubic 
(tungsten) 


OOO; Hi 


Diamond cubic 

(diamond) 000, liO, ^0^; 0H> iH'i 


Arsenic 

(rhomboliedral) 


000; uuu For As, u — 0.452; for Sb, 

u = 0.446, for Bi, u = 0.452; 
for red P, w = 0.17 


Indium 

(face-eentereil tetragonal) 000; HO; iOHOH 


NaCl 


(cubic) 


CsCl (cubic) 


(cubic) 
Cki-^O (cubic) 


Na— 000; i iO; |0i ; Oii 

Cl—fi i i; OOH OjO, jOO 

Cs— 000 (U— H-i 

Zn— 000; .I-JO; -iO-J; OJi 

Q 1 I 1 . a :m . a 1 . 1 ;i a 

^ 'i;4d) 44 *1 I 444> 4 44 

/ i f \ r \ r \ ,111 { \ III. 1 :i a . a i ;i , a :i i 

V 'll 000 , 2 *2 2 ^ ' 4 *1 4 > 4 4 4 » 4 4 4? 444 


(\lCa.j (rhbdrl.) (kl— 000 Cl— uuu, mwu For (MtU-., m = 0.25 


CaFa 


( V— 000; O-ii: iOi; HO 


(cubic) F iii; .iH; iH; idi; 112; 121; 211 

CdH (hex.) Cd — 000 I — H'*; ii u** 

HnO,(cHssit(M-iU0 Sii— 000; .Hi (tetragonal) 

O — uuO; '(2'w.O; -i — u, u i, i; '« + ii 1 1 


FeSa Fo— 000; iiO; .’Oi: O-l-i (cubic) 

S — uun, u + i; i — w; <*> « 4" 1? 1 ~ w; i — «, a, u -f- i; 

■auiV, i — u, u + i, u; u, i — M, U 4- 1; W 4- i, W, 1 — u 


FcaOs F(‘ -unu; uuu-, i 


u; n 4- i, 4- 1, w 4- i (rhombohedral) 


O— ?w0; J)0?r, i — w, w 4- i, a ; « 4- ii 1, 1 ~ 


V] i, a' — V, V + i 


CufiZiia (see p. 523) 


(cubic) 


NaNOs, Na— ill; (rhombohedral) 

N— 000; Hi u = 0.25 to 0.27 

O: tiuO; iiOu] Ouu] i — u, u + i, i; zt 4" ‘i> i — z*; 1, i — 


u, w 4- i 


588 


X-RAYS IN PRACTICE 


Table XII.- 


-Natural Trigonometric Functions for Decimal Fractions of a 

Degree*^ 


Deg. 

sia 

cos 

0.0 

.00000 

1 . 0000 

.1 

.00175 

1 . 0000 

-2 

.00349 

1 . 0000 

.3 

.00524 

1 , 0000 

.4 

.00698 

1 , 0000 

.5 

.00873 

1 . 0000 

.6 

.01047 

0.9999 

.7 

.01222 

.9999 

.8 

,01396 

.9999 

.9 

.01571 

.9999 

1.0 

.01745 

0.9998 

.1 

. 01920 

.9998 

.2 

.02094 

.9998 

.3 

.02269 

.9997 

.4 

.02443 

.9997 

.5 

.02618 

.9997 

-6 

. 02792 

.9996 

-7 

.02967 

.9996 

.8 

,03141 

.9995 

.9 

.03316 

.9995 

2.0 

, 03490 

0.9994 

.1 

. 03664 

.9993 

.2 

.03839 

.9993 

.3 

.04013 

.9992 

.4 

.04188 

.9991 

.5 

.04362 

.9990 

.6 

. 04536 

,9990 

.7 

.04711 

.9989 

-8. 

. 04885 

.9988 

.9 

, 05059 

.9987 

3.0 

. 05234 

0.9986 

.1 

. 05408 

.9985 

-2 

, 05582 

.9984 

■ 3 

. 05756 

.9983 

-4 

-05931 

.9982 

.5 

.06105 

.9981 

.6 

. 06279 

.9980 

.7 

-06453 

.9979 

-8 

. 06627 

.9978 

.9 

. 06802 

.9977 

,40 

.06976 

0.9976 

.1 

.07150 

,9974 

.2 

.07324 

.9973 

.3 

. 07498 

.9972 

.4 

. 07672 

.9971 

.5 

. 07846 

,9969 

.6 

.08020 

.9968 

.7 

.08194 

.9966 

.8 

. 08368 

.9965 

,9 

. 08542 

.9963 

5.0 

.08716 

0.9962 

.1 

. 08889 

.9960 

,2 

. 09063 

.9959 

,3 

. 09237 

.9957 

,4 

.09411 

,9956 

.5 

.09585 

.9954 

,6 

. 09758 

.9952 

.7 

.09932 

.9961 

.8 

. 10106 

. 9949 

.9 

. 10279 

.9947 

6.0 

. 10453 

0.9945 


cos 

sill 



cot Deg. 


.00000 
.00176 
. 00349 
.00524 
.00698 

.00873 

.01047 

.01222 

.01396 

.01571 

.01746 

.01920 

.02095 

-02269 

.02444 

.02619 

.02793 

.02968 

.03143 

.03317 

.03492 
.03667 
. 03842 
.04016 
.04191 

.04366 
.04541 
.04716 
.04891 
. 05066 

,06241 

.05416 

.05591 

.05766 

.05941 

.06116 
.06291 
. 06467 
. 06642 
.06817 

. 06993 
.07168 
. 07344 
.07519 
.07695 

. 07870 
. 08046 
.08221 
. 08397 
. 08573 

. 08749 
.08925 
.09101 
. 09277 
. 09453 

. 09029 
. 09805 
.09981 
. 10158 
. 10334 


573.0 
286.5 

191.0 
143.24 

114,59 

95.49 

81.85 
71.62 
63.66 

57.29 

52,08 

47.74 
44.07 
40.92 

38.19 

35.80 
33.69 
31.82 
30.14 

28.64 

27.27 

26.03 

24.90 

23.86 

22.90 

22.02 

21.20 

30.45 

19.74 

19.081 

18.464 
17,886 
17.343 
16.832 

16.350 

15,895 

15.464 
15.056 
14.669 

14.301 

13.951 

13.617 

13.300 

12.996 

12.706 

12.429 
12, 163 
11,909 
11.664 

11.430 
1 1 . 205 
10.988 
10.780 
10.579 

10.385 
10.199 
10.019 
9 . 845 
9.677 


. 10453 
10626 
. 10800 
10973 
.11147 

.11320 

.11494 

.11667 

.11840 

.12014 

.12187 
. 12360 
. 12533 
. 12706 
. 12880 

. 13053 
. 13226 
. 13399 
. 13572 
. 13744 

.13917 
. 14090 
. 14263 
. 14436 
. 14608 

. 14781 
. 14954 
.15126 
.15299 
.15471 

.15643 

.15816 

.15988 

.16160 

.16333 

.16505 
.16677 
. 16849 
.17021 
.17193 


10610 9.514 


0.9945 

.9943 

.9942 

.9940 

.9938 

,9936 

.9934 

.9932 

.9930 

.9928 

0.9925 

.9923 

.9921 

.9919 

.9917 

-9914 

.9912 

.9910 

.9907 

.9905 

0.9903 

.9900 

.9898 

.9895 

.9893 

.9890 

.9888 

.9885 

.9882 

.9880 

0.9877 

.9874 

.9871 

.9869 

.9866 

.9863 

.9860 

.9857 

.9854 

.9851 

0.9848 

.9845 

.9842 

.9839 

.9836 

.9833 
. 9829 
, 9826 
. 9823 
. 9820 

0.9816 
.9813 
.9810 
. 9806 
. 9803 

. 9799 
. 9796 
. 9792 
. 9789 
.9785 

0.9781 


. 10510 
. 10687 
. 10863 
. 11040 
.11217 

. 11394 
.11570 
.11747 
.11924 
.12101 

. 12278 
. 12456 
. 12633 
.12810 
. 12988 

. 13165 
. 13343 
.13521 
. 13698 
. 13876 

. 14054 
.14232 
.14410 
.14588 
. 14767 

.14945 
.15124 
. 15302 
.15481 
.15660 

.15838 
.10017 
.16196 
.16370 
. 16555 

. 16734 
.10914 
. 17093 
.17273 
.17453 


9.514 

9.357 

9.205 

9.058 

8.915 

8.777 

8.043 

8.513 

8.386 
8,264 

8.144 

8.028 

7.916 
7.806 
7.700 

7.596 

7-495 

7.396 

7.300 

7.207 

7.115 

7.026 

6.940 

6.855 

6.772 

6.691 

6.612 

6.535 

6.460 

6.386 

6.314 
6,243 
6. 174 
6. 107 
6.041 

5,976 
5.912 
5. 850 
5.789 
5.730 

5,071 

5.014 

5.558 

5.503 

5.449 

5 . 390 
5,343 
5.292 
5.242 
5. 193 

5. 145 
5.097 
5.050 
5.005 

4 . 059 

4 . 0 1 5 
4.872 
4 . 829 
4.787 
4.745 

4.705 



c:<roccc — a^oooo Miow44.en osmoocdo Mtowrf^cn o<ioo<£>o 
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Table XII.- 


Deg. sin 


"NATtHRAL Trigonometric Functions fob Decimal, Fractions of x 
Degree. * — {Continued) 


0.2079 0.9781 



tan cot 


4.706 
4.665 
4.625 
4,586 
4.548 

4.511 
4.474 
. 2254 4 . 437 
.2272 4.402 
.2290 4.366 


0.22501 0.97441 0.2309 4.331 
.2327 4.297 
.2345 4.264 
.2364 4.230 
.2382 4.198 

.2401 4,165 
4.134 
4,102 
4.071 
4.041 

4.011 
3.981 


.2436 

.0099 

.2512 

.2453 

.9094 

. 2530 

.2470 

. 9090 

. 2549 

.2487 

.9686 

.2568 

.2504 

.9681 

. 2586 

.2521 

, 9(577 

.2605 

.2538 

. 9673 

,2623 

. 2554 

.9668 

. 2(542 

.2571 

,9664 

.2061 

0.2588 

0 , 9(>59 

0 . 2(579 

. 2605 

. 9655 

, 2(598 

. 2622 

.9650 

,2717 

. 2639 

.9646 

. 2736 

. 2656 

. 964 1 

. 2754 

. 2672 

.9630 

. 2773 

. 2689 

. 9(532 

. 2702 

. 2706 

. 9627 

.281 1 

. 2723 

. 9622 

.2830 

.2740 

.9017 

. 2840 

0.2756 

0.9613 

0 . 28(57 

. 2773 

. 9(508 

. 288(5 

. 2790 

. 9(503 

. 2 <.)().'’) 

. 2807 

,9598 

. 2(524 

. 2823 

.9593 

. 255431 

. 2840 


. 2857 

. 9583 

.2981 

.2874 

.9578 

.3000 

.2890 

.9573 

.3019 

. 2907 

. 95(58 

.3038 

0.2924 

0.9563 

0.3057 

.2940 

.9558 

,3076 

,2957 

.9553 

.3096 

.2974 

,9548 

.3115 

.2990 

.9542 

.3134 

. 3007 

.9537 

.3153 

.3024 

.9532 

. 3 L 72 

.3040 

.9527 

.3191 

.3057 

.9521 

,3211 

.3074 

.9516 

.3230 

0.3090 

0.951 1 

0,3249 


3.732 
3 , 706 
3.681 

3 . (ir >5 
3 . 630 

3 . 606 
3 . 582 
3 . 558 
3 , 534 
3,511 

3.487 
3 . 405 
3.442 
3.420 
3 , 398 

3.376 
3 . 354 
3.333 
3.312 
3.291 

3.271 
3.251 
3.230 
3,211 
3 .191 

3 . 172 
3 . 1 52 
3 . 133 
3 . 11 5 
3.096 

3 . 078 
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X-RAYS IN PRACTICE 


Tables XII. — Natural Trigonometric Functions for Decimal Fractions oe’ a 

Degree. * — (jCordinued) 


Deg. sin cos tan cot Deg, 


Deg. 

sin oos 

1 


24.0 

0.4067 0,9135 

.1 

.4083 , 9128 

.2 

.4099 .9121 

.3 

.4115 .9114 

-4 

.4131 .9107 

.5 


.6 

ifeK 

.7 


.8 


-9 

.4210 .9070 

25.0 

0.4226 0.9063 

.1 

.4242 .9056 

.2 

.4258 .9048 

.3 

.4274 .9041 

.4 

.4289 .9033 

.5 

.4305 . 9026 

.6 

.4321 .9018 

.7 

.4337 .9011 

.8 

.4352 .9003 

.9 

.4368 . 8996 

26-0 

0.4384 0.8988 

.1 

.4399 . 8980 

.2 

.4415 .8973 

.3 

.4431 .8965 

.4 

.4446 . 8957 

.5 

.4462 .8949 

.6 

.4478 . 8942 

.7 

.4493 . 8934 

.8 

.4509 . 8926 

.9 

1 

.4524 .8918 

27.0 

0.4540 0.8910 

•1 ! 

.4555 . 8902 

.2 

.4571 ,8894 

.3 

.4586 .8886 

.4 ! 

. 4602 . 8878 

.5 

.4617 .8870 

.6 

. 4633 . 8862 

.7 

. 4648 . 8854 

.8 

.4664 .8846 

.9 

.4679 .8838 

28.0 

0.4695 0.8829 

.1 

.4710 .8821 

.2 

.4726 .8813 

.3 

.4741 .8805 

.4 

.4756 .8796 

.5 

,4772 .8788! 

-6 

-4787 .8780 

.7 

.4802 .8771 

,8 

.4818 .8763 

.9 

.4833 .8755 

29.0 

0.4848 0.8746 



tan 

cot 

0.4452 

2.246 

,4473 

2.236 

.4494 

2.225 

.4515 

2.215 

.4536 

2.204 

,4557 

2.194 

.4578 

2.184 

.4599 

2.174 

.4621 

2.164 

.4642 

2.154 

0.4663 

2.145 

.4684 

2.135 

.4706 

2.125 

.4727 

2.116 

.4748 

2.106 

.4770 

2.097 

.4791 

2.087 

.4813 

2.078 

.4834 

2.069 

.4856 

2.059 

0.4877 

2.050 

.4899 

2.041 

,4921 

2.032 

.4942 

2.023 

.4964 

2.014 

.4986 

2.006 

.5008 

1.997 

.5029 

1.988 

.6051 

1.980 

.5073 

1.971 

0.5095 

1.963 

.5117 

1.954 

.5139 

1.946 

.5161 

1,937 

.6184 

1.929 

.5206 

1.921 

.5228 

1,913 

.5250 

1.905 

.5272 

1.897 

.5295 

1.889 

0.5317 

1.881 

,5340 

1.873 

.5362 

1.865 

.5384 

1.857 

.5407 

1.849 

.5430 

1.842 

.5452 

1.834 

.5475 

1.827 

.5498 

1,819 

.5520 

1.811 

0.5543 

1.804 

.5566 

: 1.797 

.5589 

1.789 

.5612 

1.782 

.5635 

1 1.776 

.5658 

: 1.767 

.5681 

1.760 

.5704 

1 1.753 

.5727 

1 1.746 

.5750 

1.739 

0.5774 

1,732 

cot 

tan 



sin 

cos 

tan 

0,5000 

0.8660 

0.5774 

0.5015 

.8652 

.5797 

.5030 

.8643 

.5820 

.5045 

.8634 

.5844 

.5060 

.8625 

.5867 

.5075 

.8616 

.5890 

.5090 

.8607 

.5914 

.5105 

.8599 

. 5938 

.5120 

.8590 

.5961 

-5135 

.8581 

.5985 


0.5150 0.8572 0,6009 1.6643 59 

.5165 .8563 .6032 1,6577 

.5180 .8554 .6056 1.6512 

.5195 .8545 .6080 1.6447 

.5210 .8536 .6104 1.6383 

.5225 .8526 .6128 1.6319 

.5240 .8517 .6152 1.6255 

.5255 .8508 .6176 1.6191 

.5270 .8499 .6200 1.6128 

. 5284 . 8490 . 6224 1 . 6066 


0.5299 

.5314 

.5329 

.5344 

.5358 


.8471 

.8462 

.8453 

.8443 

.8434 
. 8425 
.8415 
. 8400 
. 8390 


0.5446 0.8387 


0.8480 0.6240 


.5461 

.5470 

.5490 

.5505 

.5510 
.5534 
.5548 
. 55()3 
.5577 

0.5592 
, 560(i 
. 562 1 
. 5635 
. 5650 

.5664 
.5678 
. 5693 
, 5707 
.5721 

0 . 5736 
, 5750 
.57()4 
. 5779 
. 5793 

. 5807 
.5821 
.5835 
.5850 
. 5804 


.6273 
.0297 
.6322 
. 6346 

.6371 
. 6395 
.6420 
. 6445 
. 64r)9 

0.6404 
.6519 
. 6541 
. 6569 
. 6594 

.6010 
.6r>44 
. (i669 
. 6694 
.6720 


0.8290 0.0745 


.8377 

.8308 

.8358 

.8348 


.8281 

.8271 

.8261 

.8251 


.6771 
. ()79(> 
. 6822 
.6847 

. 6873 
. r)899 
. (>924 
.6950 
.(>97(i 


0.8192 0,7002 


.8181 
.8171 
.81 til 
.8151 


-7028 
, 7051 
.7080 
.7107 

.7133 

.7159 

.718(> 

.7212 

.7239 


1.6003 58. 
1.5941 
1.5880 
1.5818 
1 . 5757 

1 . 5097 
1 . 5037 
1 . 5577 
1.5517 
1.5458 

1.5399 57. 
1.5340 
1.5282 
1.5224 
1.51 (56 

1.5108 
1.5051 
1.4994 
1 . 4938 
1.4882 

1.4826 56. 

1 . 4770 
1.4715 
1 . 4(559 
1.4(i()5 

1.4550 
1.4 4 9(5 
1.4442 
1.4388 
1.4335 

1.4281 55. 

1.4229 
l.tl7(> 
1.1124 
1.4071 .1 

1.4019 

1.39(58 

1.391(5 

1.3805 

1.3811 


0.5878 0.80 9 0 0.72(55 1.37(54 
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Table XII. — Natural Trigonometric Functions for Decimal Fractions op a 

Degree. * — {Continued) 


Deg. 

sin 

COS 

tan 

cot 

Deg. 

36.0 

0.5878 

0 , 8000 

0.7205 

1.3764 

54.0 

.1 

. 5892 

.8080 

.7292 

1.3713 

.9 

.2 

.5906 

.8070 

.7319 

1.3663 

.8 

.3 

.5920 

.8059 

.7346 

1.3613 

.7 

.4 

.5934 

.8049 

.7373 

1..3564 

.6 

.5 

.5948 

.8039 

.7400 

1.3514 

.5 


.5062 

. 8028 

.7427 

1.3465 

.4 

.7 

.5976 

.8018 

.74.54 

1.3416 

.3 

.8 

.5990 

.8007 

.7481 

1.3367 

.2 

.9 

.6004 

.7997 

.7508 

1.3319 

.1 

37.0 

0.0018 

0.7986 

0,7536 

1.3270 

53.0 

.1 

.0032 

.7976 

.7.563 

1.3222 

.9 

.2 

.0046 

.7905 

.7.590 

1.3175 

.8 

.3 

.000!) 

.7955 

.7618 

1.3127 

.7 

.4 

.6074 

.7944 

.7646 

1.3079 

.6 

.6 

.6088 

.7934 

.7673 

1.3032 

.5 

.6 

,6101 

.7923 

.7701 

1.2985 

.4 

.7 

.6115 

.7912 

.7729 

1.2938 

.3 

.8 

.6129 

.7902 

.7757 

1 . 2892 

.2 

.9 

.6143 

.7891 

.7785 

1.2846 

.1 

38.0 

0.6157 

0.7880 

0.7813 

1.2799 

52.0 

.1 

.6170 

.7809 

.7841 

1 . 27.53 

.9 

,2 

.6181 

.78.59 

.78(59 

1 . 2708 

.8 

.3 

.6198 

.7848 

.7898 

1 . 2662 

.7 

.4 

.6211 

.7837 

. 7926 

1,2617 

.6 

.5 

. 6225 

.7820 

. 7954 

1 . 2572 

.5 


. 6239 

.7815 

.7983 

1 . 2527 

.4 

.7 

. <5252 

. 7804 

.8012 

1.2482 

.3 

,8 

. <526() 

. 7793 

. 8040 

1 . 2437 

.2 

.1) 

.0280 

.7782 

.8069 

1 . 2393 

.1 

8<) . 0 

0.6293 

0.7771 

0.8098 

1 . 2.349 

51.0 

. 1 

. 6307 

.7760 

.8127 

1 . 2305 

.9 

/2 

.6320 

. 7749 

.81.50 

1.2261 

.8 


. 6334 

.7738 

, .8185 

1.2218 

.7 

.4 

. (5347 

.7727 

.8214 

1.2174 

.6 

.T) 

.(5361 

.7716 

i .8243 

1.2131 

.5 

.() 

.6374 

.7705 

. . 8273 

; 1 . 2088 

1 .4 

.7 

. 6388 

1 . 7(594 

.8302 

1 1 . 2045 

1 .3 

.8 

.6401 

. 7(58.3 

i .8332 

! 1 . 2002 

1 .2 

A) 

.6414 

. 7671! 

1 .83(51 

1 . 19(5(1 

» . 1 

40.0 

0.(5428 

5 0.7(56( 

1 0.8391 

1.191S 

5 .50.0 

. 1 

. (544 1 

.7(54'.: 

) .8121 

1.187.' 

5 .9 

.2 

. 645f 

5 .763) 

5 .8451 

1.1831! 

t .8 

.3 

. (54(5); 

5 .7(527 

' .848! 

1 1.1792 

! .7 

.4 

.6481 

1 .761.' 

) .8511 

1 1.17.5( 

) .6 

40.5 

0. 649-1 

1 0.760- 

1 0.8.511 

1 1.170) 

i 49.5 

Deg* 

COM 

sin 

cot 

till! 

Deg. 


* lltsprinlod from t.ho ‘‘ llaiulbook of Chemistry 
Coini>any. 


Deg. 

sin. 

COS 

tan 

cot 

Deg. 

40.5 

0.6494 

0.7604 

0.8541 

1.1708 

49.5 

.6 

.6508 

.7593 

.8571 

1.1667 

.4 

.7 

.6521 

.7581 

.8601 

1.1626 

.3 

.8 

.6534 

.7570 

.8632 

1.1585 

.2 

.9 

.6547 

.7559 

.8662 

1.1544 

.1 

41.0 

0.6561 

0.7547 

0.8693 

1.1504 

49.0 

.1 

.6674 

.7536 

.8724 

1 . 1463 

.9 

.2 

.6587 

.7524 

.8754 

1 . 1423 

.8 

.3 

.6600 

.7513 

.8785 

1.1383 

.7 

.4 

.6613 

.7501 

.8816 

1.1343 

.6 

.5 

.6626 

.7490 

.8847 

1 . 1308 

.5 

.6 

.6639 

.7478 

.8878 

1.1263 

.4 

.7 

.6652 

.7466 

.8910 

1.1224 

.3 

.8 

.6665 

.7455 

.8941 

1.1184 

.2 

.9 

.6678 

.7443 

.8972 

1.1145 

.1 

42.0 

0.6691 

0.7431 

0.9004 

1.1106 

48.0 

.1 

.6704 

.7420 

.9036 

1.1067 

.9 

.2 

.6717 

.7408 

.9067 

1.1028 

.8 

.3 

.6730 

.7396 

.9099 

1.0990 

. .7 

.4 

.6743 

.7385 

.9131 

1.0951 

.6 

.5 

.6756 

.7373 

.9163 

1.0913 

.5 

.6 

.6769 

.7361 

.9195 

1.0875 

.4 

.7 

.6782 

.7349 

.9228 

1.0837 

.3 

.8 

.6794 

.7337 

.9260 

1.0799 

.2 

.9 

.6807 

.7325 

.9293 

1.076ll 

.1 

43.0 

0.6820 

0.7314 

0.9325 

1.0724 

47.0 

.1 

.6833 

.73021 

.9358 

1.0686 

.9 

.2 

.6845 

.7290 

.9391 

1.0649 

.8 

.3 

.6858 

.7278 

.9424 

1.0612 

.7 

.4 

.6871 

.7266 

.9457 

1.0675 

.6 

. .5 

.6884 

.7254 

.9490 

1.0538 

i .5 

.6 

. 6896 

.7242 

.9523 

1.0501 

.4 

.7 

.6<J09 

.7230 

.9.556 

1 1.0464 

.3 

.8 

.6921 

.7218 

, .9590 

1 1.0428 

* . 2 

.9 

.6934 

.7206 

.9623 

i 1.0392 

1 .1 

44.0 

0.(5947 

0.7193 

0.9657 

' 1.035S 

i 46.0 

.1 

.6959 

1 .7181 

.9691 

1.031S 

) .9 

.2 

. 6972 

! .7169 

.9;2£ 

> 1.0282 

1 .8 

.3 

.698^ 

1 .7157 

.975£ 

) 1.0247 

' .7 

.4 

.6997 

' .71-1!: 

i .979) 

1 1.0212 

! .6 

.5 

. 7001 

) .713,1 

1 .9827 

r 1.0176 

> .5 

.6 

.7022 

t .712( 

) .9861 

L 1.0141 

L .4 

.7 

.8 

.9 

.703-! 

.704( 

.7051 

1 .710) 

5 .709( 

) .708J 

i .989( 
5 .9<93( 

i .<J961 

5 l.OlOf 
) 1.007( 
> 1.003) 

5 .3 

) .2 
) .1 

45.0 

0.7071 

1 0.707; 

O 

O 

o 

) 1.000( 

) 45.0 

Dog. 

COB 

sin 

cot 

tan 

Deg, 


and Phyaics” by permission of the Chemical Rubber 
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Auger tracks, 81, 91 
Austenite, 526 
Automatic inspection, 286 
Autotransformer, 138 
Avogadro number, 79, 104, 337, 561 
Axes, crystal, 301 
fiber, 451, 455 
principal, 487 
of symmetry, 311 
zone, 317 
Axial ratio, 314 
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Bragg sp(M*t.r<)m(^ter, 333 
Bragg’s law, 99, 322, 324, 328, 477, 538 
Brass, cold work in, 449, 456, 478 
drawing, 456 
rolling, 456 
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Brindh^v, O. W., 355, 356, 365, 504 
Broadening, 448 

and inicrostrain, 478 
Brockway, Tj. O., 547, 556, 558 
Bronze castings, 276 
Brooks, H. B., 123 


Brown, S. C., 163, 196 

Brubaker, D. G., 554 

Briiche, E., 17, 650 

Brytex leaf, 171 

Bucky, G., 216 

Bucky grid, 216, 267 

Buerger, M. J., 347, 383, 389, 399 

Bunn, C. W., 633 

Bunsen-Roscoe law, 179 

Burger, H. C., 68 

Burgers, W. G., 456, 485 

Burwell, J. T., 554 

C 

Cables, shockproof, 127 
Calcite, 338 
Cam, 380 

Cameras, back-reflection, 396 
cylindrical, 395, 404 
electron, 545 
Laue, 372 

microradiographic, 290 
miniature, 533 
Phragnion, 520 
reflection, 527 
rotation, 379 
Sceinann-Ilohlin, 397 
sinii>l<^ powd(‘r, 392 
(’aineron. A., 555 
(Cameron, G. H., 448 
Cainsell, (k, 160 
(’ancor, 226, 235 
Carcinoma, 235 
Cartwright, C. H., 286, 552 
C’ascuding transformer, 126 
Case hardening, 525 
Cassen, B., 232 

C\-isHctto, 3, 173, 186, 214, 245, 392, 396 
in ehxdron diffraction, 549 
motion of, 220, 223 
rotntion of, 396, 494 
< !», stings, aluminum, 269 
brass, 276 
bronze, 276 
<lie, 275 
ferrous, 261 
magnesixim, 269 
zinc, 275 
C’atalysis, 655 
CJathodc, 6, 109, 111, 120 
cold, 109 

for field emission, 296 
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Cathode, hot. 111 
Cathode ray, 6, 118, 237, 551 
therapy, 237 
tubes, 118 
Cell, 312 

configuration, 351, 587 
primitive, 316 
unit, 312 
Cellophane, 533 
Cellulose, 530 
Cementite, 526 

Center of symmetry, 311, 362, 376 
Getrone, V. C., 273, 291 
Chadwick, J., 160, 164, 166 
Chamber, cloud, 90 

ionization, 29, 187, 286, 336 
Characteristic curves, 178 
Characteristic radiation, 48 
Characteristic spectra, 45 
notation of, 67 

Charge, electronic, 104, 338, 561 
nuclear, 7, 49, 158 
space, 116, 121 
Chari esby. A., 179 

Charlton, E. E., 105, 106, 127, 150, 282 
Chemical analysis, 420 
by Hanawalt method, 423 
of surface films, 553 
by x-ray spectroscopy, 421 
Chemistry, 420, 516, 519 
Chesley, F. G., 109 
Chilton, L. V., 288 
Chubb, L. W., 144 
Cinemaradiography, 224, 272 
Circuits, 128 
Gratz, 136 
Greinacher, 133 
La Tour, 133 

mechanically rectified, 130 
primary rectified, 129 
scaling, 195 
self-rectifying, 128 
Villard, 131 

voltage doubling, 131, 133 
Cis form, 506, 557 

Clark, G. L., 290, 291, 474, 478, 517, 531, 
547 

Clark, H., 48, 147 
Clark, J. C., 393 
Clark, R. K., 81 
Clarke, H., 478 
Clausen, G. E., 106 


Cleavage, 300 
Clewell, D. H., 646 
Close packing, 312, 315 
Cloud, R. W., 232, 237 
Cloud chamber, 90, 91 
Coatings, 553 

Cochrane, W., 536, 654, 555 
Cockroft, J. D., 154, 165, 236 
Coefficient, absorption, 71, 164, 290 
atomic, 79, 571 
linear, 71 
mass, 72, 568 
of reflection, 360 
scattering, 75 
atomic, 79 
Cohen, M., 526 

Coherent scattering, 77, 83, 88, 320, 496 
Cold shut, 262 
Cold work, 449, 450, 478 
Collector, 120 

Collimation, 334, 372, 379, 392, 396 
Coloration, 292 

Combination principle (Ritz), 52 
Compounds, chemical analysis of, 420 
geometrical, 435 
intermetallic, 435, 522 
interstitial, 525 
simple, 417 

Compton, A. H., 4, 39, 40, 43, 77, 84, 85, 
88, 90, 96, 101, 299, 325, 357, 360, 
496, 499, 503 
Compton, K. T., 149 
Compton effect, 83 
Compton scattering, 83 
Condensers, 132, 134, 141 
Conduction, electrical, of surfaces, 654 
gas, 7 

in metals, 11 
Cone, of rays, 320, 402 
treatment, 213, 229 
Configuration, electronic, 69, 502, 504 
unit cell, 314, 316, 351, 557, 587 
Constant, grating, 103 
lattice, 316 

calculation of, 337 
physical, 561 
Rydberg, 65, 561 
screening, 54 

Constant potential (see c.p d.o.) 
Constant-voltage transformer, 143 
Continuous radiation, spectrum, 29, 31, 
35 
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Continous radiation, intensity of, 34 
Contour lines, 362 
Contrast, 244 
film, 179 

and voltage, 213, 244 
Control of current and voltage, 138 
Convection cooling, 15 
Cook, M., 466 

Coolidge, W. D., 4, 10, 105, 119 

Coolidge tube, 4, 10 

Cooling, 14, 105, 116 

Cooper,- E. R., 545 

Cork, J. M., 48, 563 

Corona, 149, 199, 206 

Correspondence principle, 39 

Corrigan, K. E., 232 

Corrosion, 553 

Cosmic rays, 23, 80, 157 

Coster, D., 421 

Cotton, F. W., 433 

(Cotton, 533 

Coulson, C, A., 504 

Coumoulos, G. n., 555 

('ounter, G-M, 163, 193, 336, 409 

Coupling, jj, 62 

Russcl-Saundcrs, 62 
(’outai'd, H., 234 
Covalent bond, 517 
c.p.d.c., 116, 117, 133, 136 
Crack, 249, 250, 261, 262, 2()5 
crater, 248 
( U’istobalite, 533 
Crookes, W., 1 
Cross-grating pattern, 539 
C5rowther, ,1. A., 83, 239, 294 
Crystal, axes of, 301 
chemistry, 517 
holohedral, 308 
ionic, 346, 517 
latti(;e, 300, 302 
models, 313, 450 
mosaic*., 366 
nomenclature, 309 
])erfect, 366 
l)ie/iOelcc.tric, 528 
planes or facets, 303, 459 
quartz, 528, 533 
standard, 336 
structure factor, 357 
examples of, 358 
systems, 305 
texture, 300, 462 


Crystal, twins, 368 
types, 417, 576, 587 
Crystal analysis, 340, 371, 378, 410 
Crystallite, 449, 527 
Crystallography, 299, 617 
Cup, focusing, 10, 548 
Curie, I., 165, 236 
Curie, M. S., 160 
Curie, P., 160 
Curie, 162 
Curie point, 418 
Current, control, 138 
electrical, 11 
tube, 8 

Cybotaxis, 497 
Cyclohexane, 519, 557 
Cyclotron, 154, 236 
Cylinders, 257, 263, 268, 279 
Czochralski, 477 

D 

(i spacings, 324, 348, 401, 412 

Dana, E. S., 309 

Daniels, F., 119 

Diinzer, H., 154 

Darbyshire, J. A., 545, 554, 556 

Darkroom t(!chni<iue, 183, 431 

Darrow, K. K., 93 

Darwin, C. G., 328, 3()7 

Dauvillier, A., 32, 34 

Davey, W. P., 194, 335, 336, 380, 407, 
409, 415 

Davis, B., 99, 100 

Davisson, C. J., 59, 538 

de Abreu, M., 222 

Debierno, A., 160 

de Broglie, B., 57, 59 

de Broglie, M., 73, 74, 378 

de Broglie wavers, 57, 536 

Debye, P., 329, 365, 391, 501, 504—507 

Debye, P. P., 547 

Dcbyc-Scherrer method, 391 

Decker, B. F., 4.62 

Definition, 215, 244 

Deformation, 448, 449, 468 

de Grauf, J. E., 106, 107 

Dohlinger, U., 11 

de Jong and Boumau method, 389 
do Laszlo, H., 547 
Dolisa, J., 186 
den Hoed, D., 293 
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Densitometer, 185, 432 
Density, 432, 561 
electron, 361 
x-ray film, 177 
Dershem, E., 289 
de Smedt, J., 507 
Detection of x-rays, 168 
Deuterium, 158 
Deuteron or deuton, 158 
Developers, 183 
Diagnostic opaques, 219 
Diagnostic radiology, 211 
Diagnostic work, 202 
Diagram, energy level, 64 
fiber, 455 
reflection, 401 

Diamond, 350, 359, 401, 412, 518 
Diaphragm, Potter- Bucky, 216 
Die castings, 275 

Diffraction, by amorphous solids, 496 
by crystals, 320 
definition of, 103 
discovery of, 3 
electron, 59, 636 
by gases, 496 
by liquids, 496 
mechanism of, 331 
protection, 205 
by ruled gratings, 96, 100 
tubes, 109, 111 
Diffraction pattern, 299, 554 
temperature effect on, 364 
Diffuse refiections, 474, 496 
Diffuse rings, 446, 478, 496, 507 
Diffuse scattering, 329, 496 
Dilution of sample, 407 
Diode, 119 
Dirac, P. A. M., 500 
Direction, crystal, 317, 454 
Discharge, gaseous, 7 
Discovery, of electron diffraction, 59 
of x-ray diffraction, 299 
of x-rays, 1 
Disintegration, 158 
Dispersion, 96 

Distance (sec Separation; Spacing) 

Distortion, radiographic, 214, 243 

Dixit, K. II., 554 

Doan, R. L., 102, 299 

Dobin^k.i, S., 554 

Documents, 292 

Donnay, J. D. H., 399 


Dorgelo, H. B., 68 
Dose, 188 

curves, 227, 229, 230 
definition of, 188 
and intensity, 189, 229 
measurement, 190, 227 
percentage depth, 228 
from radium, 191 
threshold (erythemal), 201 
Doublet, 68 
Drawing, deep, 456 
wire, 451 
Draws, 262 
Dresser, R., 232 
Driffield, V. O., 178 
Drosophila, 226, 294 
Dross, 269 
Drude, P., 97, 102 

Dual nature of matter a.n<l niditition, 93 

Duane, W., 27, 163, 326 

Duane- Hunt limit, 27 

DuBridge, L. A., 12, 543 

Duffy, J. J., 201 

Duggar, B. M., 296 

DiiMond, J. W. M., 28, 86, 105, 334, 338 
Duncanson, W. E., 504 
Duplicating, radiographs, 184 
tcmj)late.s, 297 
Dushman, S., 12 
Dusts, 530 
Dwight, C. H., 293 

10 

Eckart, C., 82 
Eddy, C. 10., 422 
Edges, absorpi.ion, 73, 74, 82 
lOdnninds, G., 456 
Edmunds, I. G., 179 
Effect, Auger, 81 
Gorapton, 83 
intermittoncy, 179 
wall, 190 

Effi(*icncy, 14, 34, 154 
of fluoroK<!cn(u;, 171 
Ehrhardt, I'\, 506 
Ehrke, L. E., 107, 296 
Einstein, A., 55 
JOisenstein, A., 107, 194, 196 
Eisl, A., 187 
Elastic waves, 365, 478 
Elasticity theory, 486 
Electromagnetic pulse, 35 
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Electromagnetic spectrum, 20, 23 
Electromagnetic vectors, 36 
Electrometer, 30 
Electron (see K, L, M, etc.) 
acceleration, 35 
bombardment, 7 
charge, 104, 339, 561 
configuration, 69 
density, 362 
diffraction, 59, 536 
distribution, 502, 504, 558 
gun, 114, 548 
induction accelerator, 150 
lens, 114, 550 
multiplier, 195 
optics, 17, 112, 550 
orbits, 49 
patterns, 554 
shells, 51, 63, 497, 504 
spin, 61 

structure factor, 500, 501 
Electrons, Auger, 81 
fre<s 10, 82, 522 
heavy, 157 
K, L, M, etc., 51 
photo, 28, 30, 90 
recoil, 30, 90 
valence, 69, 517 
Elo<‘,tron-v()lt, 27, 66, 187, 561 
Electroplating, 464, 555 
Elements, 47, 49, 63, 417, 572, 573, 576 
l<:iliott, L. (!., 163, 195 
Ellis, V. 1)., 160 
El wort, (J., 41 
I'']misHion, li<4<l, 107, 296 
limited, 115, 120 
thermiotji<\ 10 

l^]niulsi(>n, Ijip|>iniinn, 177, 288 
phot()graphi(i, 173 
l'aianti<)inorj)hic, 308 
l^hicrgy, l>ands, 82 
binding, 52, 61, 159 
kin(iti<!, 56 

levels, 50, 52, 63, 64, 66 
ba.nds of, 82 
optical, 69 
and matttir, 56 
packing, 159 
and r unit, 189 
of radiation, 26, 37, 93 
Epsilon brass, 524 
Epstein, D. W., 17 


Equipment, arrangement of, 147 ■ ■ ^ 

generating, 105, 296, 399 
mobile, 148 
portable, 148 
Erf, L. A., 236 
Erythema, 199 
Erythemal dose, 201 
Esling, U. H., 393 
Evans, 11. 1)., 163, 195, 236 
Eve, A. S., 160, 163, 233 
Ewald, P. P., 299, 367, 384 
Ewald sphere, 386 

Excitation potentials, 48, 69, 423, 566 
I^xclusion principle, 60, 61, 63, 543 
Exograph, 17, 173 
Exposure, calculation of, 177, 243 
definition of, 177 
in electron diffraction, 540 
safety test, 199, 200 
in x-ray diffraction, 409 
Extinction, 365 
micrographs, 482 
space group, 347 

¥ 

Eace-<icntered cubic structure, 315 
refUu'.tions of, 401 
Face-(aaitcr<Ml lattici^s, 30(> 
l*’a<u*ts, 380 

Failla, (b, 163, 207, 231, 235 
Fankiurhen, 1., 399, 533 
Kara<la.y, M., 1 
Fa.ra<la.y, 338 
Fatigues failure, 458 
Fatty ac:ids, 510, 516 
Fjixcni, II., 478 
F(nini, K., 355, 504 
Fermi st.atisti<\s, 82 
Fernico, 117 
Ferrite, 526 
Fiber, {ixis, 451, 455 
diagrains, 455 
patt(a*n,s, 452, 531 
Filanlng, 449 

limit<Hl, 451, 455 
Fibers, 530 
Field, .1. E., 530-532 
Field (unission, 107, 296 
Filament, 10, 111, 112 
transformer, 122 
Files, G. W., 211, 213, 218 
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Film (x-ray), 173 
density, 177 
development, 183, 431 
duplication, 184 
duplitized, 173 
fast, 178 
flaws, 246, 249 
gamma, 179 
grain, 174, 181 
hard, 179 
kinds of, 176 
moving, 224, 389 
no screen or nonscreen, 173 
opacity, 177 
reversal, 179 
sizes, 183 
slow, 179 
soft, 179 
solarization, 179 
speed, 179 

Film holder, 173, 182, 186, 245, 392, 396, 
549 

Filmer, J. C., 18 . 

Filiner, P. G., 297 
Films, surface, 554 

Filter, 181, 201, 202, 216, 228, 231, 256, 
335, 379, 393, 476 
Ross, 433 

Filtration, inherent, 231 
Finch, G. I., 539, 543, 545, 553-555 
Fink, D. G., 296 
Fish tracks, 90 
Fission, 166 
Fixer, 184 
Flaws, casting, 262 
film, 246, 249 
minimum size, 259 
weld, 247, 248 
Flax, 533 
Fluorescence, 168 
radiation, 76 
theory of, 171 
Fluorescent absorption, 76 
Fluorescent materials, 169 
Fluorescent x-rays, 76 
Fluorite, 411 

Fluoroscope, 172, 202, 285 
Fluoroscopic screen, 168, 550 
Fluoroscopy, 168, 202, 205, 285 
Focal spot, 8, 10, 16, 18, 112 
best size, 16, 212 
line (Benson-Goetze), 18, 112 


Focusing, cathode rays, 17, 110, 112 
cup, 10, 17, 548 
magnetic, 114, 550 
Fog, 178, 253, 550 
Forbidden lines, 67 
Forbidden rings, 543 
Fordham, S., 555 
Forgings, 266 
Form, 305 

Formula, Klein-Nishina, 89 
Scherrer, 446 
Sellmeier, 97 
Fortescue, C., 144 
Fourier series, 21 

representation of, 361 
Francis, D. S., 228 
Franklin, K. J., 225 
Fraser, C. G., 545 
Free electrons, 10, 82, 519, 543 
French, R. C., 554 
Freon, 118, 127, 149 
Frequency, betatron, 154 
definition of, 21 
and energy, 26 
power supply, 125, 127, 143 
x-rays, 21 

Frevel, L. K., 424, 544 

(see also Hanawalt-Rinn-Frev(‘l 
method) 

FriedcFs law, 376 

Friedman, H., 82, 83 

Friedrich, W., 3, 299, 477 

Frommer, Ij., 456, 457, 482, 485, 493, 494 

Frondel, C., 293 

Fry, S. L., 225 

Fuller, M. L., 456, 554 

(i 

Gaertner, H., 556 
Gaertncr, O., 171 
Gajewski, H., 506 
Gamcrtsfcldor, (J., 170, 173 
Gamma, photographic:, 179 
supcrlatticc, 522 
Gamma angle, 301 
Gamma brass, 522 
Gamma iron, 418 
Gamma-ray absorption, 164 
Gamma-ray radiography, 258, 278 
Gamma-ray spectrum, 163 
Gamma rays, 160 
Gap, 144 
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Gardner, F. S., 526 
Garvin, £. L., 288 
Gas tubes, 6, 8, 109 
Gases, conduetion in, 7 

electron diffraction by, 640, 546, 547, 
556 

x-ray diffraction by, 496 
monatomic, 499 
polyatomic, 504 
technique of, 498 
Gasifier, 9 
Gassy tubes, 115 
Gehman, S. D., 530—532 
Geiger, H., 160, 193 

Geiger- Miiller counter, 163, 193, 336, 409, 
410 

Generation of x-rays, 6, 20, 45, 105 
Genevese, F., 48 
Gensamer, M., 485 
Germer, L. H., 59, 536, 545, 554 
Gilbert, C. W., 165, 236 
Gingrich, N. S., 170, 173, 194, 196, 363, 
507, 509 
Gisen, F., 485 
Glass, coloration of, 292 
Lindemann, 111 
protective, 202, 286 
structure of, 512 
Glasscr, O., 2, 192, 197 
Glocker, R., 422, 453, 477, 485 
Gnomon ic projection, 374 
Goetze focus, 18, 111 
Gold, 523, 539, 554 
pattern of, 554 
standard, 493, 539 
Goler, V., 462 
Goniometer an^s, 372, 380 
Goss, N. F., 450, 474 
Goss, W. H., 145 
Grain, crystal, <listortion, 468 
orientation, 449, 455, 463 
size, 300, 438 

above 5 X 10~'' nun., 440 
below 2 X 10 ' inm., 446 
photographic, development, 181 
size, 174, 215, 288 
Graphite, 391, 519, 554 
Grating, constant, 103 
cross, 539 
ruled, 100 
Gratz ci remit, 136 
Gray, F., 17, 550 


Gray, J. A., 83 
Gray, L. H., 187 
Grazing incidence, 627, 540 
Grease, 514, 554 
Green, A. E. S., 28 
Greenland, K. M., 286 
Greenwood, W. H., 183 
Greinacher circuit, 133 
Grenz rays, 34, 287 
Grid, industrial, 257 
Potter-Bucky,' 216 
in x-ray tube, 107 
Grimmett, Ij. G., 163, 233 
Gross, S. T., 289, 290, 432, 531 
Groth, P., 309 
Ground connection, 126 
Group, point, 308 
space, 309, 576 
Group velocity, 98 
Guellich, G. E., 526 
Guggenheimer, K. M., 164 
Guinier, A. J., 478 
Gulbransen, E. A., 545 
Gun, electron, 114, 548 
Gunn, R., 146 
Gunther, P., 293, 421 

H 

H and 1) curve, 178 
Hadiling, A., 109 
Hafnium, 421 
Hagenow, (h F., 90, 92 
Hahn, O., 160 
Half life, 161 

Half-value breadth, 446, 480 
Half- value layer, 233 
Hall, H., 75 
Hamilton, J. G., 236 
Hanawalt, J. D., 424, 455, 576-586 
Hanawalt-R.inn-Frevel method, 420, 423, 
576 

Hard film, 179 
Hard x-rays, 34 
Hardening, age, 478 
<'!a.se, 525 
precipitation, 478 
Hanling, S. W., 194, 336, 409 
Hare, D. G. C’., 297 
Hartree, D. R., 355, 504 
Harworth, K., 37 
Hastings, J. M., 143 
Hatley, C. C., 100 
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Hatiy, M. A., 300 
Haworth, F. E., 398 
Hayden, H. S., 232 
Hayward, R., 552 
Heat-treatment, 300, 450, 470, 478 
Heisenberg, W., 60, 501 
Heitler, W., 157 
Hemihedry, 308 
Hemimorphic, 308 
Hemoglobin, 533 
Hemp, 533 
Henderson, J. E., 145 
Hendricks, S. B., 295, 546, 547 
Henshaw, P. S., 228 
Herb, R. G., 118, 146, 149 
Herbein, S, D., 184 
Herzog, G., 499 
Hevesy, G, v., 421 
Hexagonal close packing, 312 
Hexagonal and rhombohedral lattices, 
351 

Heydenburg, N. P., 166 
Hicks, V., 105 
High voltage, 7, 10 
protection, 198 

(jSee also Potential) 

Hight, E. K., 255 
HiU, S., 555 
Hillier, J., 182 
Hirsch, F. R., 68 
Hirsch, I. S., 222 
Hirsch, I. v., 553 
History of x-rays, 1 
Hittorf, 1 

Hodgman, C. D., 145, 417, 565 

Hoflfman, R. M., 119 

Hoisington, L. K., 118 

Holohedry, 308 

Holzapfel, L., 293 

Holzknecht, G., 293 

Homogeneous electron beam, 536 

Homopolar bond, 517 

Honerjager, H., 37, 39, 42 

Honl, H., 100 

Hooded anode, 108 

Houston, V. W., 82 

Houstoun, R. A., 97 

H-R-P’ (sec Hanawalt-Rinn-l'>evol) 

Hudson, C. M., 118 

Huggins, M. L., 364 

Hughes, A. L., 550 

Hull, A. W., 391, 408, 516 


Hull-Da vey charts, 415 
Hull-Debye-Scherrer method, 391 
Hume, O. F., 220 
Hume-Rothery, W., 400, 524 
Hume-Rothery’s law, 524 
Hummell, A. D., 220 
Hunt, F. L., 27 
Hurter, F., 178 
Hutchison, D. A., 337 
Huyghens, C., 300 
Hydrocarbons, 509, 514, 557 
Hydrogen, 52, 158, 518 

I 

Identification, 260 
levins. A,, 404 
litaka, I., 553 
Illuminators, 186, 225 
Inclusions, 262 

Incoherent scattering, 77, 83, 496 
function, 501 
Incomplete fusion, 247 
Incomplete penetration, 247 
Iiulex of niicrostrain, 480 
Index of refraction, 97—99, 327 
of electrons, 543 
Index book, 426 

Indices, of Bragg rellection, 346 
Miller, 303 
Miller-Bravais, 315 
unmixed, 348 
Induction coils, 125 
Industrial fluoroscopy, 285 
Industrial grid, 257 
Industrial radiography, 239 
Inglestam, E., 421 
Inner precession, 61 
Inner quantum number, 61 
Inspection, autoiniiti(r, 286 

fluoroscopic, 168, 172, 202, 205, 285 
radiographic, 239 
Integrated reflections, 359, 367 
Intensifying screen, 168 
lead, 181 

Intensity, characteristic radiation, 48, 68 
continuous radiation, 32, 34 
definition of, 33 
of diffraction lines, 359, 414 
distribution, angular, 39, 78, 332 
wave length, 31, 41, 45 
and dosage rate, 189 
scale, 432 
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Intercepts, 304 
Interference, 103, 320, 322 
IntermetalUc compound, 435, 522 
Intermittency effect, 179 
Interstitial compound, 525 
Interstitial solid solution, 435, 526 
Inverse-sqviare law, 20, 207, 208 
Ion bombardment, 8, 110 
Ion pair, 187 
Ionic bond, 517 
Ionic crystals, 340 
Ionic radii, 517 
Ionization, 7, 187 
potential, 66 

Ionization (chamber, 29, 187, 191, 336 
air wall, 190 
corrections for, 33 
for inspection, 286 
standard, 191 
tbimblc, 191 
Ions, 7 

Iron, allotrojiic forms, 418 
Irradiation sickness, 201, 235 
IsenbvirfJier, H. It., 468 
Isotopes, 158 

ra(li<»a<dive, 165 
Iwanenko, O., 150, 153 

J 

Jackson, 11., 538, 547 

Ja<-!fi!;<’r, 11-. 210 

James, U. W., 355, 356, 365, 504 

Jassinsky, VV. W ., 154 

Jauncey, tl- I'k 

Jay, A. H., 433 

Jcffri(^s, Z., 451 

Jenkins, l'\ A., 99, 353 

Jenkins, H. 553, 554 

jj (rouplinfi;, 02 

Jonssoti, A., 18 

Johnson, li. I’., 171 

Joliot, K., 165, 236 

Jones, K. W., 447 

Jones, P. b. !*’•) 556 

,loncs, K., 293 

Jordan, 1*., 60 

Jupnik, H., 421 

K 

K e(lf«:(% 73, 177, 571 
K electrons, 51, 573 


K electrons, capture of, 166 
K excitation, 48, 69, 423, 566 
K limit, 73, 177, 571 
K lines, 46, 64, 67, 423, 563 
K shell, 51, 673 
Karlsson, H., 421 
Katz, J. R., 507 
Katzoff, S., 498, 510 
Kaufman, J., 220 
Kavanau, J. Ij., 518 
Kcursley, W. K., 129 
Koai'slev stabilizer, 144 
Kecsom, W. H., 505, 507 
Keesorn’s (aquation, 505, 511 
Keller, F., 273 
Kelvin temperature, 25, 561 
Kemnitz, G., 485 
Kenna, L. P., 286 
Kennard, E. H., 29, 65, 365 
Kenotrons, 119, 206 
Kerst, D. W., 5, 149, 150, 152, 237 
Kersten, H., 193, 293 
Kiknchi, S. K., 542 
Kikuchi lines, 541, 542 
Kilovolts, crest or jicak, 115 
Kmf?don, K. H-i 107 
Kippba.n, K., 557 
Kirchnc'.r, F., 88, 92, 553 
Kirkptiirick, l>., 14, 33, 34, 37, 41, 42, 
92, 146, 367, 433 
Kirkpatriidv voltmeter, 146 
Klein, O., 89 

Klein-Nishina formula, 89 
KnippinK, P-, 3, 299 
Koch, P. P., 299 
Kolknu^ijer, N. H., 170 
Koller, P. f’., 295 
Konopinski, K. J., 48, 157 
Kossel, W., 50, 51 
Koster, II., 220 
Kramers, M. A., 39, 41, 164 
Krebs, R. P., Pd3 
Krom, (k J., 170 
Kronhaus, A., 293 
Kronifj;, R. b., 83 
Kruttcr, FI., 83, 512 
Kryptosc.rcMUi paper, 171 
Kuhutkanipff, H., 33, 34, 41 
Kunst, IT., 170 
Kurbatov, J. lb, 16() 

Kymograph, 221 
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L 

L edge, 74 
L electron, 51, 673 
Li series, 46, 64, 67, 663 
L sheU, 51, 573 
Laby, T. H., 422 
Lacassagne, A., 234 
Lagsdin, J. B., 10, 110 
Lambert, J. H., 71 
Lambert’s absorption law, 71 
Lambert’s cosine law, 19 
Lampblack, 391 
Lane, T, B., 293 
Langmuir, D. B., 313 
Larkin, J. C., 236 
Larsson, A., 99 
Latitude, 257, 271 
La Tour circuit, 133 
Lattice, 300 

classification, 306 
Lattice, crystal, 302 
line, 301 

models, 313, 450 
point, 301 
reciprocal, 384, 539 
space, 301, 305 
super, 436, 522 
Lattice constants, 316 
calculation of, 337 
Laub, J., 83 

Lane, M. v., 3, 299, 320, 447 

Laue equations, 320, 324 

Laue method, 371 

Laue pattern, 377 

Laue spot, 375 

Law, Bunsen-Roscoe, 179 

Bragg’s, 322, 324, 327, 329, 477 
Friedel’s, 376 
Hume-Rothery’s, 524 
of inverse square, 20 
Lambert’s absorption, 71 
Lambert’s cosine, 19 
Moseley’s, 47 
of rational indices, 300 
Snell’s, 100, 328, 644 
Stefan-Boltzmann, 15 
of wave motion, 22 
Lawrence, J. H., 236 
Layer lines, 381, 383 
Lead backing, 81, 254 
Lead glass, 202, 286 


Lead letters, 246, 260 
Lead partitions, 203, 205 
Lead screens, 181 
Leak valve, 9, 110 
Le Galley, D. P., 195 
Leibmann, H., 293, 294 
Lenard, P., 1, 119 
Lenard tube, 119 
Lens, magnetic, 114, 550 
Levels, energy, 50, 52, 63—65, 82, 164 
optical, 69 
weight, 68 
Levy, L., 169 
Liebhafsky, H. A., 423 
Liebisch, 309 
Life, half, 161 
Life of tubes, 115, 128, 135 
Light, velocity of, 20, 561 
Lilienfeld tube, 113 
Limit (see K, L, M, etc.) 
absorption, 73, 82, 288, 571 
Duane-Hunt, 27, 28 
short wave-length, 27, 28 
Limited emission, 12, 115, 120 
Limited fibering, 455 
Limited space charge, 116, 121 
Lind, S. C., 160 
Lindemann glass. 111 
Lindsay, G. A., 100, 109, 421 
Line (sec IC, L, M, etc.) 
broadening, 447, 448, 478 
focus, 18, 111 
forbidden, 67 * 

intensity of, 48, 68, 432 
Kikuchi, 541, 542 
layer, 381, 383 
shift, 468, 470, 482, 522 
spectral, 45, 47, 423 
Linnik, W., 477 
Lipson, H., 339, 400, 405, 441 
Liquids, diffraction by, 496, 507 
technique of, 498 
electron diffraction in, 545, 555 
x-rays affect, 293 
Lister, M. W., 557 
Livingston, M. S., 48, 155 
Livingston, R., 163, 293 
Lloyd, E. H., 482, 485, 403, 404 
Locher, G. L., 166, 195 
Long-chain compounds, 497, 500, 514 
Lonsdale, K., 412, 478 
Lorenz, H. A., 97 
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Love, A. E. H., 486 
Lubrication, 614, 554 
rotating anode, 16, 18 
Lummer, O., 24 

M 

M edges, 75 
M electrons, 51, 52, 573 
M series, 48, 64, 67 
M shell, 51, 573 
MacComb, W. S., 201 
Macdonald, P. A., 163 
Macewan, D., 361 
Machlett, li- H., 106, 150 
Mackenzie, K., 196 
MacMillan, 1). P., 143 
Macrostrain, 468 
Macrostress, 468 
Maddigan, S. E., 288, 291 
Magnesiuni, extruded, 455 
rolled, 456 

Magnesium eastings, 269 
Magnetite Urns, 114, 550 
MalolT, 1. («., 17 
Malt<^r, Tj., 196 

Manufacturers, 108, 109, 127, 177, 192, 
194, 205. 240, 280, 287. 336, 399, 410, 
422, 529, 545 
Margenau, II., 93 
Margol<'!S<‘, M. S., 163 
Mark, li., 531, 533 
Marlow, n., 334 
MartenHit(\ 526 
Martin, i'. E., 201, 235 
Martin, 1>. M., 432 
Mass absorption eo<*(Iicient, 72, 568 
Mass numl)<*r, 158, 575 
Mass seal t.<a-i tig (ateflieient, 75 
Matrix ineeliii.ni(\s, 60 
Mauguin nottition, 311 
Maxwi'll, .1. ('., 1 
Maxw(41, L. H.., 295, 51(), 517 
May, A., 179 

Maym^ord, VV. V., 189, 193, 228, 229 
Meilue, .1. .1. (i., I 11 
Mc(4uteh(‘on, I). M., 291 
McKenna, .1. F., 184 
McKihhen, ,J. L., 118, 146, 149 
Mean friHi path, 7, 8 
Measunanent of x-rays, 168 
Meeha.niea.1 r(H4.ilier, 124, 130 
MeiUenl ajipliejitions of x-rays, 211 


Mellor, J. W., 160 
Mendelyeev, D. I., 47 
Mendelyeev, D. I., periodic table of, 63, 
620, 572 
Menke, H., 607 
Mercury, 507, 609, 565 
Merrill, F. H., 150 
Mesham, P., 83 
Meson or mesotron, 157 
Metallic binding, 519 
Metallography, 438, 468, 520 
Metals, 11, 239, 422, 520, 543 
Meters, 140, 193 
Meyer, K. H., 531 
Meyer, St., 160 
Micrography, 288, 482 
Micron, 25, 561 
Micro patterns, 533 
Microphotometer, 185, 432 
record, 433 

Micro radiography, 175, 205, 287 
Microscope, x-ray, 363 
Microstrain, 468 
index, 480 
Microstress, 468 
Miers, H. A., 309 
Mill, C. (1., 294 
Miller, (!. W., 194 
Miller, W. H., 304 
Miller indices, 303 
Miller-Bra vais indices, 315 
Million volt equipment, 126, 147 
Million volt radiography, 281, 282 
Million volt tubes, 117, 118 
Mobile <t(iuipment, 148, 205 
Mobility, ehadroyjhoretic, 294 
Mo<lels, cirystal, 313, 450 
Mohaailar weight, 337 
Molecules, 7, 496, 508, 509, 517, 531, 
555-557, 607 
M<">1 Um-, H., 485 

Moimmtuin of electrons, angvdar, 68. 61 
Monochromatic x-rays, 72 
Moncxdirornator, 335, 399 
bent (u-ystsil, 398 
Montgomery, (h Cl., 195 
Montgomery, D. D., 195 
Moore, 8., 220 
Moreland, H. D., 222 
Moriarty, (h 1)., 253 
Morningstar, O., 512 
Morrow, H. M., 510, 511 
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Mosaic structure, 366 
Moseley, H. G. J., 4, 46, 47, 50, 336 
Moseley’s law,. 4, 47 
Mosley, V. M., 546, 547 
Moss, H., 548 
Motion pictures, 224, 272 
Motor-generator set, 125, 127, 135, 143 
Mott, N. F., 537 
Moving film analysis, 389 
Moyer, H. P., 297 
Mtiller, A., 514—516 
Muller, E. A. W., 107 
Muller, W., 193 
Muller, H. J., 294 
Multiplier, electron, 195 
photo, 287 

Murison, C. A., 553-565 
Mutation, 294 

N electrons, 51, 52, 573 
N series, 48, 64, 67 
N shell, 51, 573 
Nardroff, R. v., 100 
Neddermeyer, S. H., 79 
Neher, H. V., 552 
Nelson, H. R., 545, 553, 554 
Nelson, J. B., 415 
Nelson, R. B., 313 
Neptunium, 167 
Neutrino, 157 
Neutron, 157, 164 
therapy, 236 
Nicholas, W. W., 37 
Nielsen, D. M., 468 
Niemann, F., 449, 478, 480 
Nilakantan, P., 478 
Nishina, Y., 89 
Nitriding, 525 
Nitrogen oxides, 206 
Nix, F. C., 522 
Northrup, D. L., 118, 150 
Notation, for characteristic lines, 67 
Schoen flies, 309 
s P d f, 69 

Nucleus, 10, 49, 157, 536 
Number, atomic, 34, 40, 158, 572, 573 
Avogadro, 79, 104, 337, 338, 561 
mass, 158 

quantum, 53, 59, 61—63 
wave, 65 

Nurnberger, C. E., 293 


O 

Occhialini, G. P. S., 166 
Ohlin, P., 28 
Oils, 509, 554 
Olds, J. W., 231, 236 
Olson, C. M., 423 
Omega angle, 305, 351 
Opacity, 177, 433 
Opaques, diagnostic, 219 
industrial, 253 
Orbits, allowed, 58 
electronic, 49 

Order, definition of, 103, 321 
Orientation, in films, 553 
parallel to beam, 463 
of piezoelectric crystals, 528 
preferential, 449, 455, 463 
recrystallization in, 451 
Oshry, H. I., 433, 553 
Osswald, E., 485 
Owen, E. A., 179 
Oxidation, 533 
Oxtail tube, 113 
Ozone protection, 206 

P 

Packard, C., 227 
Packing energy, 159 
Paintings, 292 
Pair formation, 79 
Pair of ions, 187 
Paneth, P\ A., 47 
Panofsky, W. K. H., 28 
Paper, 533 

black, 177, 291, 373, 394, 473 
x-ray, 171, 175, 222 
Parameters, 349 
Parkes, A. S., 228 
Parkinson, D. B., 118, 146, 149 
Pasooo, K. J., 441 
Pastille, 197 

Pattern, back-refle(di )n, 395, 404, 538 
cross grating, 539 
diffraction, 299, 377, 383, 402 
electron, 554-557 
fiber, 452, 455 

Hull-Dobye-Scherrer, 402, 403 
Laue, 377 
liquid, 507 
micro, 533 
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Pattern, powder, 402, 403 
absorption in, 414 
reflection, 527, 551 
rotation, 383 
transmission, 400, 540 
Patterson, A. L., 363, 447, 448 
Patterson, C. V. S., 160 
Pauli, W., 60, 62, 82 
Pauli exclusion principle, 60, 63, 543 
Pauling, L., 355, 556 
Pearlite, 526 

Peckham, It- H., 186, 433 
Penetrameters, 259, 297 
Penetron, 297 
Periodic table, 47, 63, 572 
Petch, N. J., 400, 405, 526 
Petersen, M., 478 
Phantom, 230 
Phase, in alloys, 523 
definition of, 103 
velocity, 98 
waves, 57, 536 
Phosphor, 168, 287 
Phosphores<H'ince, 1 69 
Phosphorogen, 170 
Phosphorus, radioa(*tiv<\ 165, 236 
Photocell, 196 
Photoelectric absorption, 77 
Photocle<4.ri(‘. eilect, 28, 73, 75, 90 

Photo<4ectric. (Miiission, bbii 
Photoele(*t/ric. work luiict.ion, ,)13 
Plio to 111 i( ) rog ra.p h y , 222 
Photograi)hic <Mnulsi<>n, 173 
Photography, 173 
x-ray screen in, 222 
Photomultiplier tul>e, 287 
Photons, 21, 27, 28 
Photoroentgenology, 222 
PhragmcMi, («., 520 
Pic.ard, It. tb, 545 
Pierce, ,1. H., 196, 518 
Piercer, S. I'b, 79 
Pierce, W. tl., 423 
Piezoeleci<ri(* oscillators, 293, ,)28 
Pike, K. W., 32 

Pinhohis (arc CoHiniation) 

Pish, Cb, 478 

Piston, lb S., 42 

Pitchblende, 160 

Pitting of target, 17, 117 

Planck, M., 1, 25, 50 

Planck constant, 12, 26, 50, 561 


Planes, angles between, 459 
atomic, 302 
cleavage, 300 
cooperating, 400, 442 
equivalent, 400 
rational, 302 
reciprocal lattice, 386 
spacings of, 323, 348, 350, 400, 412 
Planigraphs, 220 
Plastics, 530, 555 
Pleomorphic forms, 417 
Plessing, K., 554 
Plutonium, 167 
Podasevskij, M., 293 
Pohl, 11., 299 
Point, group, 308 
lattice, 301 
Poisson's ratio, 486 
Polanyi, M., 378, 453, 456, 531 
Polarity, 9, 141 
Polarisation, 37, 42, 49, 90 
factor, 354 
Pole figures, 460, 462 
Polishing, 554 
Polychromatic x-rays, 29 
Polymers, 533, 555 
Polymori)hi(i fortns, 417 
Poly tlumc!, 533 
PonuM’aiu'huk, 1., 150, 153 
Pool, M. li., 166 
Popp, VV. (b, 231, 236 
Population of planes, 323 
Porosity, 216, 251, 261, 2()8, 269 
Portables cupiipment, 148, 399 
Positrt)ns, 79, 157 
Potential, 26 
control, 138 

exc.itation, 48, 69, 423, 566 
ionization, 66 
mc^asiuMMtKMit, 144 
peak, 115 

root mean S(piare, 115 
within a. solid, 83, 536, 543 
stabilization, 142 
tub<\ 8, 1 1 5 

and wa,v(i-length, 34, 66, 544 
P()tt(n-, H. 10., 216 

I’otUa-Bneky grid, 216 
Powdi'r, c.aineras, 392, 395, 396 
metlaxl, 391, 410 
P<)w<ir rat.ing, 115, 126 
Preci^ssion, 61 
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Precipitation hardening, 478 
Preferential and preferred (see Orienta- 
tion) 

Prescott, J., 486 

Preston, G. D., 412, 477, 478, 654 
Principal axes, 487 
Principle, combination (Ritz), 52 
correspondence, 39 
Pauli exclusion, 60, 63, 543 
relativity, 55, 57 
Pringsheim, E., 24, 25 
Prins, J. A., 508 
Protection, 198 
gamma ray, 206 
high voltage, 198, 548 
of meters, 140 
ozone, 206 
x-ray, 201 
Proteins, 533 
Protons, 164, 157 
Pulse, electromagnetic, 35 
Pumps, 8, 552 
Pyrites, 350, 351 

Q 

Quanta, 20 
energy of, 26 
Quantized states, 58, 325 
Quantized vectors, 62 
Quantum mechanics, 41, 42, 60 
Quantum number, 53, 58, 59, 61, 62, 63 
azimuthal, 59, 61 
inner, 61 
principal, 61 
spin, 61 

Quantum theory, 26, 39, 50, 73, 325 
Quarrell, A. G., 638, 539, 541, 543, 545, 
547, 553-555 

Quartz, 293, 433, 528, 533 
Quimby, E. H., 201, 228 

K 

r-meter, 192 
r unit, 188, 189 
Radian, 561 

Radiation and rays, alpha, 160 
for back-reflection, 471 
beta, 160 

cathode, 6, 118, 550 
characteristic, 46 


R^adiation and rays, characteristic, 
theory of, 49 
continuous, 32 
cosmic, 23, 80, 167 
dual nature of, 93 
electromagnetic, 21, 35 
gamma, 23, 160 
grenz, 34, 287 
heat, 15, 24 
infrared, 21, 24 
Lenard, 119 
stray, 114 
ultraviolet, 21 
visible, 21 
and voltage, 34 
X-, 20 

Radii, atomic, 519 
ionic, 617 
Radio waves, 21 
Radioactivity, 157 
artificial, 165 
induced, 165 
natural, 157 
Radiograph, 3, 17, 173 
duplication of, 184 
stereoscopic, 219 
Radiographic definition, 215 
Radiographic distortion, 214 
Radiographic motion pictures, 224, 272 
Radiographic sensitivity, 433 
Radiographic standards, 431 
Radiographic technique, 212, 241, 244, 
255, 268, 287, 292, 296 
Radiography, 3, 17, 173 

of castings, 261, 269, 275, 276 
indirect, 222—224 
industrial, 239 

instantaneous, 108, 225, 296 
medical, 211 
micro, 175, 287 
million volt, 281 
production, 283 
with radium, 266, 278 
of welds, 245, 272 
Radiology, 211 
diagnostic, 211 
therapeutic, 225 
Radium, 160 

A, 161 

B, 161 

beam therapy, 233 
bomb, 233 
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Radium, C, 161 
O', 161 

container, 208 
dosage rate, 191 
emanation, 161 
F, 166 

handling, 207, 208 
precautions, 207, 208 
radiography, 266, 278 
safe, 207 
shipment, 207 
slide rule, 280 
therapy, 225, 227, 233, 234 
Radon, 160—162 
Raether, H., 554 
Raman, C. V., 85, 478, 499 
Ramberg, E. G., 182 
Randall, J. T., 496 
Rare earths, 64, 572 
Rating, of keuotrons, 122 
of transformers, 126 
of tubes, 115 
Rayon, 533 
Rays (see Radiation) 

Recipro<*.al lattices, 384, 539 
Reek, F. M., 273 
Recoil, electrons, 30, 86, 89, 90 
fa<rtor, 500 

Recrystallisiation, 451, 521 
Rectification, 9, 10, 13, 116, 117 
full wave, 124, 136, 137 
mechanicuU (Snook), 124, 130 
primary, 129 
tube, 119, 129 
Rectigon, 129 

Rollection, Hragg, 327, 346, 373, 472, 551 
(lociruMCint, 359 
iliagram, 401 
dilTvisc, 474, 478 
int(^gra.te(l, 359, 367 
from lend glass, 286 
for seven (M'ysl.jtl syst<*nis, 348, 349 
suppr(^ss(sl, 346 
true, 96, 100, 551 
Refraertion, of (4e(d.rons, 544 
of x-rays, 96, 97, 327 
Registration, 168 
Regulation, 8, 12, 138 
Rcinhard, M. 293 
Relativity, 55-57 
Resolving power, 321, 335, 471 
R.esonanc(^ of bonds, 519 


Resonance neutrons, 165 
Reynolds, P. W., 400 
Reynolds, R., 224 

Rhombohedral and hexagonal lattices, 
351 

Richards, T. L., 456 
Richardson, O. W., 12 
Richtmyer, P. K., 29, 64, 73, 75, 79, 365 
Rideal, E. K., 555 
Riley, D. P., 339, 415, 518 
Rings, diffraction, 402, 403, 554 
diffuse, 440, 446, 496, 507 
electronic, 50 
extra, 543 
forbiddci^, 543 
Rinn, H. W., 424 

(*S’cc also Hanawalt-Rinn-Frevel 
method) 

Rinne, F., 378 
Robb, G. P., 221 
Roberts, J. K., 164 
Rol)erts, R. 11., 166 
Robertson, J. M., 363, 432, 433 
Robinson, H., 28, 81 
Rock salt, 336, 340 
R.oobu(di., J. S., 554 
R6nf,g(‘n, W. Cb, 1, 2, 96, 99 
Roeinfgen, 188 
R,og<Ms, 'r. M., 128 
Rolling, 455 
Ronneb(‘ck, H. R.., 433 
lh)ot nu\M,n s<iuarc potential, 115 
Rose, .1. 1*:., 145 
Ross, P. A., 367, 433 
Rotating crystal imithod, 378 
Rotating targ(4., 16, 18, 105, 1 16 
Rotation, (^anuu-a, 379 
pattcu-n, 383 

of powder spe<umen, 405 
Royt, b. E., 118 
Rubber, 511, 512, 530-532 
Riuliger, ()., 553 
Ruedy, .J. I'b 545, 556 
Rugb’, R., 228 
Rules, screen, 244 
selecf.ion, 60, 67 
slide, 280, 413 
sum, ()8 

Rump, W., 14, 34 
RuMS(^l-f?aund(’!rs coupling, 62 
Rotberford, E., 4, 49, 160, 193 
Rydberg constant, 65, 561 
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S 

Sachs, G., 462, 478, 485 
Sadler, C. A., 83 
Safford, F. J., 146, 150 
Salley, D. J., 159 
Sample (see Specimen) 

Sampson, L. H., 193 
Sarcoma, 235 

Sarsfield, L. G. H., 133, 134, 138, 141 
Satellites, 68 
Sauter, F., 41 
Sauter method, 389 
Scale, intensity, 432 
WyckofT, 377 
Scanograph, 221 
Scattering, 71, 77, 88, 331 
angle <^, 86, 332 
and atomic number, 78 
classical, 331 
coefficient of, 75—77 
atomic, 79 

coherent (unmodified), 77, 83, 88, 496 
diffuse, 329, 496 
electron, 536, 537 
function, 501 

incoherent (modified or Compton), 77, 
83, 88, 496 
intensity, 78, 333 
and polarization, 90 
Thomson, 331 
Scharf, K., 196 
Scherrer, P., 391, 446 
Scherrer formal la, 446 
Scherzer, O., 17, 39, 41, 550 
Schiebold, E., 378 
Schiebold method, 389 
Schmidt, W., 456 
Schoenflies, A., 309 
Schoenflies notation, 309, 311 
Schreiner, B. F., 293 
Schrenk, H. H., 433, 435, 533 
Schrodinger, E., 60, 88 
Schwartzschild, M., 221 
Schweidler, E., 160 
Scott, G. W., 273 
Scott, K. G., 236 
Screen, rule, 244 
Screening constant, 54 
Screens, efficiency of, 171 
Fluorazure, 170, 432 
fluoroscopic, 168. 548 


Screens, intensifying, 168, 221 
lead, 181 
type B, 169 

Seaborg, G. T., 159, 165 
Seabury, R., 478 

Secondary beta particles, 76, 81, 292 
Secondary-electron multiplier, 195 
Secondary x-rays, 71, 76 
Seemann, H., 378, 397 
Seemann, H. E., 179, 181 
Seemann-Bohlin camera, 397, 520 
Seitz, F., 171 
Selection rules, 60, 67 
Seljakow, N., 447 
Sellmeier formula, 97 
Sensitivity, radiographic, 259, 261 
Separation, atomic, 506, 517, 519, 557 
Serber, R., 5, 152 

Series K, L, M, etc., 46, 64, 67, 563 
Serioscopy, 220 
Setty, R.,' 528, 530 
Shadowgraph, 17, 173 
Shafer, W. M., 289 
Shearer tube, 109 

Shells, electronic, 51, 63, 497, 504, 573 

Shimizu, S., 293 

Shockproof cables, 127 

Shockproof tubes, 106, 113 

Shore, S, X., 530 

Shot, 253 

Shrinkage, in castings, 261, 264, 269, 270, 
272 

film, 405 

Siegbahn, M., 47, 48, 99, 109, 337, 339, 
421, 567, 571 
Silberstein, L., 181 
Silica gel, 533 
Silicosis, 533 
Silk, 533 

Simard, G. L., 512 
Sinclair, H., 415 
Singer, G., 190, 202, 207 
Sisson, W. A., 532, 533 
Skehaii, J. W., 106 
Skobeltzyn, D., 166 
Slack, C. M., 99, 107, 119, 296 
Slag, 247 

Slater, J. C., 83, 537 
Slide rule, for cubic structures, 413 
for radium exposures, 280 
Slits (see t>ollimation) 

Smith, A. E., 555 
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Smith, C. S., 398, 441, 449, 478, 480 
Smith, D. W., 273 
Smith, F. R., 194, 409 
Smith, H., 478 
Smith, H. M., 287 
Smith, S. Tj., 478 
Smithells, C'. J., 233 
Snapshots, 107, 108, 225, 296 
Snell’s law, 100, 328, 544 
Snoek, J. L., 450 
Snook, (1 S., 125 
Snook rectifier, 124, 125, 130 
Soft x-rays, 34 
Solid solution, 435, 525 
interstitial, 435, 525 
So Her, W., 398 
Seller slits, 398, 499 

Sommerfeld, A., 38, 41, 42, 82, 299, 325, 
543 

Sommerfeld theory of metals, 543 
Sorbite, 526 
Space (ihar^e, 116, 121 
limited, 116, 121 
Space group, 309, 576 
extinction, 347 
Space-lattice, 301, 305 
Spacings, d, 324, 348, 401, 412 
Spear, F. <«., 236 
Specifi<'a.ti<>ns, welding, 258—261 
Spei’.imtm, preparation, 405, 431, 521, 552 
rotation, 405 
thickiu'ss, 408 

Spectromeiia- or spt^ct.rograph, bent cry- 
stal, 421 
■Bragg, 333 
doubU^ <a-yst.al, 334 

infranal, 2-1 
inagn(4,i(% 28 
va.c.uuin, 123 
x-ray, 29, 46, 333, -422 
Spec.troHcopy , 46, 336, 421 
Sped, rum, alpha, and beta ray, 166 
cha.ra.cteristic, 45, 46, 74, 423 
continuous, 29, 31, 35, 74 
electr()ma.gn(4,i(^, 23 
gamma, ray, 163, 104 
infrartal, 25 
optical, 69 
Speed of film, 179 
Spenc.(*r, M. W., 220 
■Spenc.er, R.. (1., 458 
Sphere*, l'lwa.ld, 386 


Sphere, limiting, 387 
of reflection, 387 
Sphere gap, 145 
Spiegel- Adolf, M., 186, 433 
Spiers, C. W. F., 293 
Spin of electron, 61 
Spot, focal, 8, 10, 16, 18, 112, 212 
Spot welds, 272-274 
Sproull, W. T., 547, 552 
Stabilization of current and voltagi^, 142 
Stadhn-, L. J., 294 
Stafford, J., 222 

Standards, radiographic, 258, 261 
safety, 200 
Steadman, Ij. T., 164 
Steel, 245, 261, 296, 297, 418, 435, 438, 
476, 484, 526 
Steenbeck, M., 107 
Stefan-Boltzinann law, 15 
Steinberg, I., 221 
Stenstrom, W., 97, 99, 329 
Stepanowa, F., 166 
Stepluni, R.. A., 398 
Stephenson, S. T., 421, 4-49, 478, 480 
Steps, H., 222 

Stereogniphic project ion, 378, 460 
Stereoscopti, 219 

St(M-(^os(^opic radiography, 219, 223, 263 

Stewart, d. W., 497, 509, 510 

Stickh^y, F. 441, 449, 478, 480 

Stint zing, M., 422 

Stoker, R., 193 

Stokers, A. R., 441 

Storks, K. II., 55-1 

Strain, -lOS 

and line: liroadening, 478 
and line shift, 482 
prirndpal, 487 
Stranski, I. N ., 421 
Strainna.nis, M., 404 
StiH^SK, 468 
priinapal, 487 
reli(4, 468, 470 
.siirfa.c.<^, 474 
Strong, .1., 552 

Struct ure of absorption edge, 82 
Structure fae.tor, at,oiiuc, 55, 352, 356, 
500, 504 
crystal, 357 
'examph^s of, 358, 412 
(ilectronic., 500 
Sturkey, Tj., 544 
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Sullivan, H. M., 194 
Sum rules, 68 
Sun, C. H., 555 

Superlattice and superstructure, 436, 522, 
523 

Suppressed reflections, 346, 35.1 
cubic diagram, 401 
Surface, catalysis, 555 
conductivity, 554 
pattern, 527 
strains, 474 
structure, 540, 553 
Survival curves, 227, 228, 235 
Sutton, L. E., 557 
Sutton, L, G., 273 
Symmetry, axes, 311 
Symmetry center, 311, 362, 376 
Symmetry operations, 311 
Symmetry plane, 311 
Systems, crystal, 305 

T 

Tanis, H. E., 107 

Target, 6, 14, 15, 17, 18, 106, 109, 111, 
112, 473 
bevel, 14 
hooded, 108 

rotating, 16, 18, 105, 116 
thin, 37-41, 106 
Tasker, H. S., 292 
Taylor, A., 408, 414, 415 
Taylor, L. S., 109, 204, 207 
Taylor, R., 273, 278 
Technique, casting, 262 
charts, 241, 242 
darkroom, 183, 431 
diagnostic, 212, 217 
radiographic, 212, 241, 244, 255, 268, 
287, 292, 296 
Straumanis, 404 
therapeutic, 234, 235 
Telecurietherapy, 233 
Temperature effect, 364, 377, 478 
Templates, 297 
Terms, spectral, 52 
Terrill, H. M., 138 
Textiles, 530 

Texture, 300, 392, 449, 455 
Therapeutic equipment, 147, 203, 225-238 
Therapy, 3, 225—238 
cathode ray, 236, 237 
deep, 211, 231 


Therapy, neutron, 236 

radioactive phosphorus, 236 
superficial, 211, 231 
x-ray and radium, 225, 233, 234 
Thermal effects, 364, 377, 478 
Thermal neutrons, 166 
Thermal velocity, 11, 355 
Thermonic emission, 10, 543, 556 
Thermionic work function, 12, 543 
Thermocouple, thermopile, 24, 29, 33 
Thewlis, J., 523 
Thickness, measurement, 297 
of diffraction specimen, 408 
Thilo, E. R., 107, 296 
Thimble chamber, 191, 192 
Thin films, 540, 553, 554 
Thin layer absorption, 71 
Thin target, 37-41, 106 
Thomas, D. PJ., 456, 485, 492, 493 
Thomas, H. A., 146 
Thomas, L. H., 355, 504 
Thomson, G. P., 59, 77, 331, 536, 553, 555 
Thomson, J. J., 36, 50, 61, 77, 331 
Thoroczkay, N. v., 235 
Threshold dose, 201 
Timoshenko, S., 486 
Tolerance, x-ray dose, 199 
Tomograph, 220 
Towers, S. W., 292 
Tracks, cloud chamber, 90, 91 
Trans forms, 506, 557 
Transformers, 125 
auto, 138 
cascading, 126 
constant voltages, 143, 144 
core type, 151 
filament, 122, 145, 548 
insulating, 122, 126 
shell type, 151 

Transmission cameras, 392, 395, 399 

Transmission patterns, 402, 403, 405, 41 1 

Treatment cone, 229 

Trillat, J. J., 553 

Triode tube, 107 

Triplett, T., 149 

Trivelli, A. P. H., 181 

Troostite, 526 

Trost, A., 210 

Trump, J. G., 119, 125, 146, 149, 237 
Tube, construction, 13, 111 
current, 8 
life, 115, 128, 135 
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Tube, motion, 212, 220 

potential, 8, 115, 138, 142, 144 
rating, 115 
vibration, 212, 240 
Tubes, 6—19, 105-118 
cathode ray, 118 
for chemical analysis, 422 
Coolidge, 4, 10, 13, 105, 111 
diagnostic, 13—19, 107 
dental, 16 

diffraction, 109, 111 

field emission, 107, 108, 296 

gas, 6, 9, 109 

Hadding, 109 

kinds of, 105 

Lenard ray, 119 

Lilienfeld, 114 

million volt, 117 

oxtail, 114 

radiographic, 10, 107 
rectifying, 9, 119, 128 
rotating anod<', 16, 18, 105, 116 
Shearer, 109 
shockproof, 113 
therapeutic, 107, 112 
triode, 107 
Universal, 13, 15 
valve, 119, 128 
4\icker, C. W., 478 
Tungar rcudilicr, 128 
Tungsten atiode, 14, 10(), 112 
Tungst(in <aitli<)(l(‘, 1 1 1 
'rungsten ta,rg(>t., 14, 106, 112 
Tuning up, 215 
Tunu^r, A. V., 286 
Turticr, A. H., 122 
Turner, L. A., 166 
'Putths L. W., 236 
Tuve, M. A., 154 
Twinning, 368 
Tyson, .J. T., 555 

IT 

IJln^v, C. T., 31-31, 45. 138 
UndenMitting, 248 
Unit (all, 312 

Unit <5on(igura,tion, ;151, 587 
Uranium fission, 166 

V 

Vacuum, 6, 8, 10, 541, 552 
<!aincra, 289, 400, 549 


Vacuum, spectrograph, 423 
Valence, 524 
Valence bond, 518 
Valence electron, 69, 517 
Valve, leak, 9, 110 
Valve rectifier, 119 
van Ark el, A. K., 485 
Van Atta, L. 118, 149, 150 
van den ]4roek. A., 49 
Van de GraafT, U. J., 119, 125, 146, 149, 
237 

Vai» do GraalT gcnierator, 125, 149 
van de Maele, M., 224 
Van (ler Waals binding, 519 
Vapf)rs, 540, 547, 556 
Vectors, electromagnetic, 36, 90 
quantized, 61 
Velocity, group, 98 
phase, 98 
x-ray, 20, 98, 561 
Versed sine, definition of, 89 
V'ibration, atorniti, 365, 478 
tube, 212, 240 
Vic.torec'in, ,J., 192 
Victoreen Minomoter, 193 
Vi(4.or(((m r-meter, 192 ^ 

Viewtn-s, 185, 225 
Vih'lla, J. H.., 526 
Villnrd, \\, 131, 292 
Villard <nrcuit, 131 
Vok<(, 1-:. L., 201 
Voltages douliling, 131, 133 
nuMisunnnenf,, 141 
st.a.bilizat.i(>n, 142 
tube!, 8, 115 

(Eca also Potential) 

Voltm(d,er, 139, 140, 146 

W 

Wadlund, A. P. 11., 477 
Wall(M-, 1., 355, 365 
Waller, 'P., 99 
Walter, P., 299 
WaIttM-, .J., 558 

Walton, K. T. 8., 154, 165, 23<) 

Wang, 'P. .J., 150 
Warhurt.on, K. W., 79 
Warhursf., M., 519 
Warping of atomic, ifianes, 474 
Warnai, P. K., 363, 391, 414, 509, 511, 
512 

Watson, P. P., 421 
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Wave-length, 21, 65, 103, 339, 563 
definition of, 21 
of phase waves, 58, 544 
and potential, 34, 66 
range, 23 

Wave mechanics, 60 
Wave number, 65 
Waves, 21 

de Broglie, 57, 536 
elastic, 365, 478 
electron, 55, 536 
law of, 22 
and particles, 55 
phase, 57, 536 
radio, 21 
Wear, 554 
Webster, D. L., 48 
Weerts, J., 468, 485 
Weight, atomic, 47, 158, 572 
of a level, 68 
molecular, 337 
Weigle, J., 478 
Weimer, P. K., 166 
Weinbaum, O., 196 
Weinstock, R., 41 
Weissenberg, I^., 378, 456 
Weissenberg method, 389 
Weisz, P., 195 
Welds, butt, 245 
fillet, 251 

specifications, 258—261 
spot, 272-274 
in tubes, 257 
Wells, A. F., 517 
Wentzel, G., 499, 501 
West, 1). W., 169 

Westcndorp, W. F., 106, 127, 150, 282 

Westgren, A. F., 520, 521 

Wever, F., 456, 460, 485 

Wheeler, A., 555 

Wheeler, 1)., 220 

Wheeler, J. A., 166 

Whiddington, R., 51 

White, H. E., 99, 353 

White x-rays, 475 

Whitford, A. E., 552 

Whitmer, R. M., 100 

Wideroe, R., 154 

Widmyer, J. H., 273 

Width of diffraction maximum, 367, 441, 
446-448, 478, 480 
Wiedmann, L., 14, 41, 42 


Wierl, R., 547, 556, 557 
Wightman, A., 93 
Wildhagen, A. R., 81-, 150, 232 
Williams, A. L., 555 
Wilman, H., 539, 543, 554 
Wilson, A. J. C., 480 
Wilson, C. T. R., 90, 91 
Wilson, J. T., 18 
Wilson, W., 325 
Windows, 106, 109, 111, 113 
Winiiek, D. F., 223 
Winslow, E. H., 423 
Wires, 128, 450 

Wollan, E. O., 49, 498, 499, 502-504, 506 

Wolthuis, E., 547 

Woo, Y. H., 84, 85, 505, 506 

Wood, F. C., 235 

Wood, W. A., 448, 465, 478 

Wood, 533 

Woodcock, A. H., 555 
Woods, R. C., 255, 273, 286, 291 
Woodyard, O. C., 433 
Wool,' 533 

Work function, photocle<*.tri<':, 543 
Soil) m erf Cild, 543 
thermionic, 12, 543 
Wrcclc, W., 75 
Wrinch, D. M., 533 

Wyckolf, R. W. G., 10, 110, 346, 371, 377, 
417, 587 

Wyckoff notation, 311 
Wyckolf scale, 377 

X 

X-ograph, 173 

X-ray or x-rays, absorjition, 71 
detection, 168 
diffraction, 96, 320 
film, 173 
frequency, 21 
generation, 6, 20, 45, 105 
hard, 34 

measurement, 168 
in medicine, 21 1 
micrography, 288, 482 
microscope, 363 
monochromatic, 72 
nature of, 20 
as partiides, 24 
photography, 173 
polarized, 37, 49, 90 
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X-ray or x-rays, protection, 198, 201 
refraction, 96, 97, 327 
registration, 168 
scattering, 71, 77, 88, 331 
secondary, 71, 76 
soft, 34 

therapy, 3, 225-238 
tubes, 6-19, 105-118 
velocity of, 20, 98, 561 
as waves, 21 
X-unit, 337, 339 

Y 

Yamagiichi, S., 553 
Yearian, H. J., 545 
Yield point, 468, 478, 479, 483 


Youtz, J. P., 105 
Yukawa particle, 157 

Z 

Z-section method, 528, 529 
Zachariasen, W. H., 478, 512 
Zavallcs, 'l\, 107, 296 
Zener, C., 478 
Zeriuke, F., 508 
Zinc, 472, 473, 524 
die cast ings, 275 
Zone, 317 
Zone a.xc^s, 317 
Zuckcir, M., 148, 193 
Zwicky, F., 368 
Zworykin, V. K., 196 
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